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Organic pollutants becomes a pervasive threat with the step forward of 
human beings. Photocatalysis is an effective method for the degradation of 
organics. Since visible light is much more abundant in the solar spectrum (ca. 
46%) than UV light, visible-light-driven photocatalysts have received 
considerable attentions. Most bismuth compounds are relatively non-toxic and 
easy to handle, therefore the object in this thesis is to develop bismuth based 
visible-light-driven photocatalyst.  
Heterojunctions are an effective way to develop visible-light-driven 
photocatalyst. We investigated on Bi2O3/BiOCl, Bi2O3/BiOBr, NaBiO3/BiOBr, 
and Bi7O9I3/α-Bi5O7I heterojunctioned composites and their photocatalytic 
activities towards different organic pollutants, such as Rhodamine B and 
p-cresol. Active species studies were conducted to gain some insight into 
mechanism. 
Different crystal facets of a single-crystalline photocatalyst usually 
possess distinctive photocatalytic activities. We also investigated on the BiOI 
with different dominant exposed facet to get inside of the relationship between 
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Chapter 1. Introduction 
 
1.1  Water Pollution 
Although water is abundant on Earth, covering 72% of the Earth’s surface, only 
0.5% of it is fresh water, and of this, less than 1% is readily available for human 
use. Unfortunately, water pollution becomes a pervasive threat with the rapid 
development of human societies. The high population density and the advance 
of industrialization result in the hydrosphere becoming increasingly polluted 
with inorganic as well as organic matter. Inorganic materials enter the rivers and 
lakes in form of wastes from smelting, machine manufacturing or chemical 
factories, fertilizer run-off from fields, leachate from mines, and as 
consequence of acid rain. Organic chemicals are perhaps an even bigger threat 
to the water quality. Considerable amounts of synthetic organic pollutants, 
including industrial chemicals, herbicides, pesticides, dyes, pharmaceuticals 
and personal care products, enter the natural water reservoirs [1]. Some of those 
pollutants can cause immense harm due to their toxicity even at low 
concentrations. They endanger the health of human beings. Once the water is 
polluted, the pollutants enter people’s bodies via drinking water or the food 
chain to cause acute or chronic toxicity. Some heavy metal elements are 
hazardous. For example, lead causes anemia and mental disorder; Cr
6+
 causes 
skin ulcers and is a known carcinogen; arsenic may inhibit or inactivate many 
enzymes, affecting the metabolism, and also causes horny skin, and even skin 
2 
 
cancer. Organic pollutants are also of great concern. Organophosphorus 
pesticides are neurotoxic; organochlorine pesticides can interfere with the 
endocrine system, immune function, and reproductive functions of animals and 
humans once they have accumulated in the adipose tissue; most of the 
polycyclic aromatic compounds have carcinogenic effects. Therefore, there is 
an increasing urgency to overcome the water pollution problem.  
Different types of water contain different concentrations of contaminants. 
Municipal wastewater consists mainly of water (99.9%) together with relatively 
small concentrations of suspended and dissolved organic and inorganic solids. 
The organic substances present in sewage are carbohydrates, lignin, fats, soaps, 
synthetic detergents, proteins and their decomposition products, as well as 
various natural and synthetic organic chemicals from the process industries. 
Table 1.1 shows the levels of the major constituents of strong, medium and 
weak domestic wastewaters. The concentrations of pollutants are in the scale 
of ppm in this type of wastewater. 
However, pharmaceuticals (synthetic or natural chemicals that can be 
found in prescription medicines, over-the-counter therapeutic drugs and 
veterinary drugs) are often present at trace concentrations in water sources and 
drinking-water, as these compounds would have undergone metabolism and 
removal through natural processes and, if applicable, wastewater and 
drinking-water treatment processes. Table 1.2 gives examples of 
pharmaceutical compounds that are found in surface water. 
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Table 1.1 Major Constituents of typical domestic wastewater [2] 
Constituent 
Concentration (mg/l) 
strong medium weak 
Total solids 1200 700 350 
Dissolved solids (TDS) 
1
 850 500 250 
Suspended solids 350 200 100 
Nitrogen (as N) 85 40 20 
Phosphorus (as P) 20 10 6 
Chloride 
1
 100 50 30 
Alkalinity (as CaCO3) 200 100 50 
Grease 150 100 50 
BOD5
2
 300 200 100 
1
 The amount of TDS and chloride should be increased by the concentrations 
of these constituents in the carriage water. 
2
 BOD5 is the biochemical oxygen demand at 20 
o
C over 5 days and is a 
measure of the biodegradable organic matter in the wastewater.  
Table 1.2 Concentrations of selected pharmaceuticals found in European 
surface waters [3] 
Compound 
Median (maximum) concentrations (ng/l) 
Austria Finland France Germany Switzerland 
Bezafibrate 20 (160) 5 (25) 102 (430) 350 (3100) - 
Carbamazepine 75 (294) 70 (370) 78 (800) 25 (110) 30-150 
Diclofenac 20 (64) 15 (40) 18 (41) 150 (1200) 20-150 
Ibuprofen nd 10 (65) 23 (120) 70 (530) nd (150) 
Iopromide 91 (211) - 7 (17) 100 (910) - 
Roxithromycin nd - 9 (37) < LOQ (560) - 
Sulfamethoxazole 
a
 nd - 25 (133) 30 (480) - 
LOQ, limit of quantification; nd, not detected (below the detection limit) 
a
 Includes the human metabolite N4-acetyl-sulfamethoxazole 
 
1.2  Waste treatment process 
An ideal waste treatment process will completely mineralize all the toxic 
species present in the waste stream without leaving behind any hazardous 
residues. It should also be cost-effective. Fig 1.1 shows flow diagrams of 
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several waste water treatment technologies [4]. Currently, the disposal of bulk 
industrial wastes is mainly based on processes based on phase-separation 
principles, even though none of them is completely satisfactory. Biodegradation, 
defined as the biologically catalyzed reduction in complexity of chemicals, is a 
widely used method to treat organic pollutants [5]. It frequently leads to the 
complete mineralization. However, wastewater from textile, petroleum, 
pesticides, and many other industries containing organic pollutants, is not 
readily biodegradable. The incineration of organic wastes is another widely 
practiced method. It offers several advantages, including volume reduction, 
detoxification, environmental impact mitigation, regulatory compliance, 
energy recovery, stabilization in landfills, sanitation and so on [6]. This should 
in principle destroy the toxic pollutants completely, but incomplete combustion 
and reactions in the flame or at the surface of fly ash particles can lead to the 
formation of hazardous or toxic molecules that are subsequently emitted into 
the air. This method is limited to solid wastes or very concentrated waste 
streams. Chemical oxidation technology constitutes the use of oxidizing agents, 
such as ozone, halogen and hydrogen peroxide. But it may cause other hazards. 
For example, chlorination may form toxic disinfection by-products, such as 
trihalomethanes. Advanced oxidation processes (AOPs), defined as “near 
ambient temperature and pressure water treatment processes which involve the 
generation of a very powerful oxidizing agent such as hydroxyl radical (•OH) in 
solution in sufficient quantity to effective water purification” [7], are relatively 
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new technologies for the oxidation of organic pollutants. AOPs will probably 
constitute the best option in the near future. AOPs have been used in water 
remediation and are able to decompose a wide range of pollutants, including 
pharmaceutical drugs [8-10], antibiotics [11,12], aromatic compounds [13-15], 
ionic liquids [16], dyestuffs [17], and synthetic endocrine disruptors 
(bisphenols, alkylphenols, phthalates) [18]. AOPs generally involve H2O2/UV, 
O3/UV, H2O2/O3/UV, vacuum UV and photocatalytic processes using light and 
semiconductor catalysts. Particularly the semiconductor photocatalysis for the 
degradation of organic pollutants has attracted much attention over the last 
several decades. This photocatalytic degradation process has several 
advantages over competing processes:  
(1) Ability to perform complete mineralization of almost all organic pollutants.  
(2) A green technique as the degradation products (carbon dioxide, water and 
mineral acid) are harmless to the environment. 
(3) Atmospheric oxygen is used as the only oxidant, and low energy UV light or 
solar light is used for photocatalyst activation, therefore it is a low cost process.  




Figure 1.1 Wastewater treatment technologies currently in use 
 
1.3  Photocatalytic process 
The oxidative degradation of most organic pollutants by O2 is 
thermodynamically favorable, i.e. the overall degradation reaction is 
exothermic. However, the uncatalyzed reactions of triplet ground state O2 with 
singlet organic compounds have to conquer a high energy barrier (Path A in 
Fig 1.2). In a photocatalytic degradation process, a component (the organic 
pollutant or the photocatalyst) absorbs the energy in the form of light with a 
certain wavelength, the transient electronic excited states of the component are 
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formed (Path C in Fig 1.2). Since these excited states are more reactive than 
the corresponding ground states, they are able to deliver the excitation to other 
species by energy or electron transfer.  
 
Figure 1.2 Different paths of the reaction between organic pollutants and the 
triplet ground state of molecular oxygen (
3
O2). (A) Direct thermal reaction 
process with a high barrier; (B) thermal-catalyzed degradation with lowered 
barrier via the formation of a series of stationary (e.g. S1) and transitional (T1 
and T2) intermediates; (C) photochemical or photocatalytic degradation by 
supplying light energy [19] 
 In a typical photocatalytic process, a semiconductor is irradiated with light 
of a wavelength whose energy is equivalent to or greater than the band gap 
energy of the semiconductor. This light is absorbed in the semiconductor 
particle. Light can only travel 10
-4
 – 10-6 cm in the particle. Then at the site of 
light absorption, electrons will be excited from the valence band (VB) to the 
conduction band (CB), and holes will be generated in the valence band (Fig. 
1.3). The separated electrons and holes (i.e. excitons, which typically have 
characteristic lifetimes on the order of nanoseconds) can follow several 
pathways (Fig.1.4). The semiconductor can donate electrons at the surface to 
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reduce an electron acceptor (Pathway I). In an aerated solution, the most 
abundant electron acceptor is usually oxygen which can react with the electron 
to form superoxide radical anions, O2
•-
. Holes at the surface can also accept 
electrons from an electron donor (Pathway II). In aqueous solution, H2O or 
adsorbed OH
-





Recombination of the separated charges can occur in the volume of the 
semiconductor particle (Pathway III) or at the surface (Pathway IV). Those 
recombination processes will reduce the efficiency of the catalytic process.  
 
Figure 1.3 Excitation and deexcitation process of electron-hole pairs in a 
semiconductor 
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Generally, the sum of all reactions which consume electrons or holes has 
to be balanced by the rate of their generation: 
νr + νsr + νred = νr + νsr + νox = ν0 
where νr is the volume recombination rate, νsr is the surface recombination rate, 
νred is the reduction rate, νox is the oxidation rate, and ν0 is the rate of electron 
hole pair generation. νr and νsr depend on the particle size and the size of the 
exciton (nanoscale). If the particle is smaller than the exciton radius, the 
electron and hole will almost certainly be at the surface, and volume 
recombination can be negligible. The recombination rate is lower if the 
particle size is smaller. Thus, higher quantum yield is achieved. However, the 
light absorption would be very low if the particles are much smaller than the 
wavelength of the light. If the particle is very big, and the light enters deep 
into it, the volume recombination becomes predominant, and then electrons 
and holes will have a very low probability to reach the surface. The quantum 
yield will be very low, and the size effect will become irrelevant. Fig 1.5 [20] 
gives out the size effect on the quatium yield for special and very simplified 
cases. But the general trend is qualitatively the same for more complicated 
reaction sequences with respect to the influence of particle size and light 




Figure 1.5 Quantum yield Φ as a function of R (in logarithmic scale for R) for 
three relations of g(R)/m (with constant m), (a) g(R)/m=0.8; (b) g(R)/m=8; (c) 
g(R)/m=80; all values for g at R = 10
-5
 cm [20] 
In water matrices, the generated electron-hole pair reaches the catalyst 
surface and gives rise to a series of reactions, ultimately leading to the 
formation of hydroxyl radicals. Oxygen dissolved in water can act as electron 





, and H2O2. Further reactions as shown below 
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•- and HOO• play an important role in initiating 
oxidation reactions, especially for substances that adsorb weakly on the 
semiconductor surface. Those active species can diffuse into the aqueous 
solution and react with the pollutants in the solution. Their lifetime greatly 
influences their oxidizing ability as it determines how far they can travel. The 
hydroxyl radical has a very short in vivo half-life of approximately 10
−9
 
seconds [21]. Because of its high reactivity, it is very effective to initiate the 
decomposition of organic molecules, including bacteria and other 
microorganisms.  
 
1.4  Band structure of photocatalysts 
The photocatalytic activity of a semiconductor depends on its band gap [22]. 
There are two types of band gap, i.e. direct band gap and indirect band gap 
[23,24]. The minimum-energy state in the conduction band and the 
maximum-energy state in the valence band are each characterized by a certain 
crystal momentum (k-vector) in the Brillouin zone. For a direct gap, the 
k-vector has the same value in the valence and the conduction band, whereas 
in an indirect gap, they are different. 
For the direct band semiconductors, the momentum of electrons and holes 
is the same in both conduction band and valence band. The transition of an 
electron from the lowest-energy state in the conduction band to the 
highest-energy state in the valence band does not require any change in 
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momentum. The excess energy is released by emission of a photon (Fig 1.6 a).
 
However, as photons cannot carry crystal momentum, conservation of crystal 
momentum would be violated in the case of an indirect band gap. The 
radiative recombination process in an indirect band gap material (Fig 1.6b) 
must also involve the absorption or emission of a phonon, where the phonon 
equals the difference between the electron and hole momentum. Since the 
involvement of the phonon makes this process much less likely to occur in a 
given span of time, radiative recombination is far slower in indirect band gap 
materials. Therefore, the recombination rate of electron-hole pairs is much 
lower for indirect band semiconductors, which benefits the catalytic activity of 
these photocatalysts. Table 1.3 lists the band gap type of some common 
bismuth photocatalysts as well as their values. 
 
























Table 1.3 Band Gaps of Bismuth Photocatalysts [25-39] 
Photocatalyst Band Gap Type Band Gap (eV) 
Bi2O3 direct 2.85 
BiOF direct 3.64 
BiOCl indirect 3.00 - 3.46 
BiOBr indirect 2.54 - 2.91 
BiOI indirect 1.76 - 1.92 
Bi3O4Cl indirect 2.79 
Bi3O4Br indirect 2.4 
Bi5O7I indirect 2.87 
NaBiO3 indirect 2.45 - 2.6 
Bi2WO6 indirect 2.50 - 2.77 
BiFeO3 indirect 2.1 
BiVO4 direct 2.3 - 2.45 
The magnitude of the band gap and the absolute position of the 
conduction and valence band are very important parameters for a photocatalyst. 
The band gap positions on an energy scale determine the oxidation and 
reduction ability of the semiconductors. Following thermodynamic principles, 
a redox reaction can only occur when the CB of the semiconductor is more 
positive than the electron donor’s potential and the VB is more negative than 
the acceptor’s potential. The band gaps and redox potentials can be correlated 
when the potential of the normal hydrogen electrode (NHE) is used as a 
reference. OH
-
 groups absorbed on the photocatalyst surface can act as donor 
species, reacting with a valence band hole to form hydroxyl radicals, •OH. O2 
absorbed on the photocatalyst surface can act as electron acceptors, reacting 




 In the most 
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common case, the reduction potential of the electrons in the conduction band 
must be negative enough to reduce absorbed molecular oxygen to superoxide 
(ENHE (O2/O2•
-) = − 0.28 eV) for the mineralization of organic compounds 
[40]. As for the valence band holes, their reduction potential must be positive 
enough to react either directly with organic matter, or with OH
−
 groups to 
produce the strongly oxidizing •OH radicals (ENHE (OH
−




The determination of the CB and VB edge electrochemical potentials of a 
semiconductor is essential in order to understand the photodegradation 
mechanism of pollutants. The band edge positions of a photocatalyst can be 
theoretically predicted from the atomic Mulliken electronegativitiy values by 






gE E    
where χ is the electronegativity of the semiconductor which is taken as the 
geometric mean of the electronegativities of the component elements of the 
semiconductor, E
e
 is the energy of the free electron on the hydrogen scale (≈ 
4.5 eV), and Eg is the band gap energy of the semiconductor. The CB and VB 
edge positions calculated with this empirical expression for some common 





Figure 1.7 Band gaps and band edge positions for some semiconductor 
photocatalysts [25-28,35,39,42-48] 
 
1.5  Visible light photocatalysts 
1.5.1  Solar energy 
The sun emits 3.08×10
26
 W of radiation. A small part of this energy is 
intercepted by the surface of Earth, but it still amounts to 1.72×10
17
 W. This is 
about 1.36 kW/m
2
 at full insolation. Solar energy can be harnessed using a 
range of evolving technologies such as solar heating and artificial 
photosynthesis. It is an important renewable energy with various advantages.   
(1) Abundant. Sunlight is everywhere even in remote area and the resource is 
practically inexhaustible.  
(2) Environmentally benign. Solar energy does not cause pollution to the 
environment.  






























































































Figure 1.8 Solar light spectrum 
Solar energy is an ideal light source for photocatalysis. The sunlight 
closely corresponds to the spectrum of a black body with a temperature of 
5520 K and spans the entire spectrum of electromagnetic radiation from 
ultraviolet light (100 - 400 nm), visible light (380 – 780 nm) to infrared light 
(700 – 106 nm) and radio frequencies (Fig 1.8). Only 3 – 5 % of the spectral 
energy is in the ultraviolet, while 42 - 43 % and 52 - 55 % are visible and 
infrared light, respectively. Although ultraviolet photons have high energy and 
therefore can excite most semiconductors, only a small fraction of the 
incoming solar energy lies in the ultraviolet region. Meanwhile, the visible 
light in the solar spectrum is far more abundant, and photons in this range 
have much higher energy than the infrared light. Therefore, a much larger 
fraction of the solar energy can be utilized if the photocatalyst can be excited 




1.5.2  Visible-light-driven photocatalysts 
A good photocatalyst should meet the following requirements [49]:
 
 
(i) able to absorb visible and/or UV light,  
(ii) chemically and biologically inert,  
(iii)  photostable,  
(iv)  inexpensive,  
(v)  nontoxic. 
Among various semiconductors, TiO2 has been most extensively used due 
to its photoactivity, insolubility, stability, low cost and non-toxic nature 
[50-52].
 
Work during the early 1980s [53-57] showed that under near-UV 
illumination, TiO2 suspensions in water completely mineralized not only 
common chlorinated aliphatic hydrocarbon pollutants, but also a whole range 
of contaminants, including some aromatic compounds that are resistant to 
oxidation. Hence, tremendous interest rose in TiO2 with its applications in 
hydrogen production, decontamination, disinfection and organic synthesis. 
However, the wide band gap of TiO2 (3.0 and 3.2 eV, for rutile and anatase, 
respectively) presents a major drawback as only the ultraviolet part of the solar 
sunlight can be utilized. This is compounded by a high recombination rate for 
the electron-hole pairs, limiting the quantum yield [50]. The localization 
(trapping) of the electron as a Ti
3+ 
species was reported to occur with a time 
scale of about 30 ps and about 90% or more of the photogenerated 
electron-hole pairs recombined within 10 ns [58]. In solutions, the quantum 
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yield is less than 1 % in photocatalysis by TiO2. Therefore, the development of 
photocatalysts that can operate under visible light excitation is indispensable 
in order to be able to utilize a larger portion of the solar spectrum. 
There are several ways for developing visible-light-active photocatalysts. 
One is the design of photocatalytic materials capable of absorbing visible light. 
Recently, many new photocatalytic semiconductors with narrower band gap 
such as WO3 [59,60], CdS [61,62], CdSe [63-65], BiVO4 [39,66-70], Bi2WO6 
[37,47,71-77], CaBi2O4 [78], NaBiO3 [35,36], Bi2O3 [25], BiFeO3 [38,79,80], 
Bi12TiO20 [81-88] have been developed. Modification of the wide band gap 
materials (for example, TiO2) by doping metal or nonmetal into its crystal 
structure is also an effective way. A large number of materials have been 
reported, including C doped TiO2 [89-95], N doped TiO2 [90,91,96-99], Bi 
doped TiO2 [100-102] and others. Since nanoparticles of noble metal, such as 
Ag, have strong visible light absorption due to the surface plasmon resonance 
effect, Ag or Au nanoparticles supported on wide band gap photocatalysts, 
such as Ag/TiO2 [103-106] or Au/TiO2 [107-111] were found to be highly 
efficient photocatalysts under visible light. Another important and effective 
way is forming heterojunctioned composites between two semiconductors 






1.5.3  Heterojunctions 
In a heterojunction structure, two semiconductors with different energies for 
their valence and conduction bands are in contact. The vectorial transfer of 
electrons and holes from one semiconductor to the other reduces the intrinsic 
recombination rate [23].
 
This increases the efficiency of the charge-transfer 
process at the solid-liquid interface. Depending on the band gap of the two 
components, such structures can be divided into two classes, i.e. only one 
visible-light-responsive photocatalyst, or two visible-light-responsive 
photocatalysts.  
If only one semiconductor in the heterojunction structure is active under 
visible light, this is considered as a sensitizer, while the main semiconductor 
has a wider band gap. Because of the low band gap of the one material, the 
absorption of radiation is extended to the visible range.
 
This class of 
semiconductor heterojunctions can be divided into type A and type B. If the 
conduction band of the sensitizer (semiconductor 1) is more negative than that 
of the main semiconductor (2), the system is called an A-type heterojunction 
(Fig. 1.9a). The energy of visible light is too small to excite the semiconductor 
2 directly, but large enough to excite the sensitizer 1. An electron in the 
valence band of 1 is excited to the conduction band by absorbing a photon. 
Since the conduction band of 1 is more negative than that of 2, the excited 
electron can transfer to the conduction band of 2. The holes produced in 1 
remains in the particle if its valence band is more negative than the valence 
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band of 2. The separated electrons and holes are then free to undergo electron 
transfer with adsorbents on the surface. Examples of A-type heterojunctions 
include CdS/TiO2 [112], CdSe/TiO2 [113], and CdS/ZnO [114]. In B-type 
heterojunctions (Fig. 1.9b), the valence band of sensitizer 1 is less negative 
than the valence band of 2. Bi2O3/BiOCl [114], Bi2O3/TiO2 [116], 
Bi2O3/BaTiO3 [117], and FeTiO3/TiO2 [117] WO3/TiO2 [119] are of this type. 
With irradiation of visible light, the electrons in the valence band of 1 are 
excited to the conduction band, rendering the valence band of 1 partially 
vacant. Electrons from the valence band of 2 can be transferred to fill the holes 
in the valence band of 1, generating holes in 2. The photogenerated holes are 
still very powerful oxidative species and can degrade organic pollutants. The 
photogenerated electrons can be captured by O2 to form O2
- , H2O2 and OH• 
radicals. 
 
    
Figure 1.9 Energy levels in a composite semiconductor photocatalyst forming 
(a) A and (b) B-type heterojunctions 
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The material can also be designed so that both semiconductors in the 
composite can be excited by visible light. Again, there are two possibilities of 
the relative band positions. In case a, the CB as well as the VB of 
semiconductor 1 are more negative than the corresponding bands of 
semiconductor 2. After both semiconductors were excited upon visible light 
irradiation, the electrons in the CB of semiconductor 1 can jump into the 
relatively positive CB of semiconductor 2, while the holes in the 
semiconductor 2 jump into the VB of semiconductor 1. This electron and hole 
transfer helps to separate the electron-hole pairs efficiently. Therefore, 
heterojunctioned composites with such kind of band gap structures can be 
more active photocatalyst than the single composite. Bi2S3/BiOI [120], 
BiOI/BiOBr [121], Bismuth hydroxide/BiOBr [122], Co3O4/Bi2WO6 [123], 
Co3O4/BiVO4 [124] are of this type. In case b, the CB of semiconductor 1 is 
more positive than that of semiconductor 2, while the VB is negative. In such 
a condition, the semiconductor 1 acts as an electron-hole pair recombination 
center and the undesired recombination of photogenerated holes and electrons 
is substantially increased. This leads to enhanced termination of the 
photodegradation process. An example for this situation is 
0.8BiOI-0.2Bismuth hydroxide. This photocatalyst was found to be less active 
than pure bismuth hydroxide for the photodecomposition of RhB because the 
recombination of electrons and holes was increased [122]. However, some 
researchers reported positive results even though the band gap structures of the 
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coupled two semiconductors belong to this class. In BiOI/Bi2O3 
heterojunctioned composites [125], the CB of BiOI is more positive than that 
of Bi2O3, while the VB is more negative. However, the electrons in the VB of 
BiOI could be excited up to a higher potential edge due to the higher photon 
energy. Therefore, the reformed CB of BiOI is more negative, hence the band 
structures is of case a, and photogenerated electron-hole pairs could be 
effectively separated at the interface of the two semiconductors, and enhanced 
activity was observed. 
 
Figure 1.10 Energy levels in a composite with two visible-light-driven 
semiconductor photocatalysts  
Various strategies have been reported for the synthesis of such 
heterojunction composites. One method relies on solid state transformations. 
One starts with one material, which is then exposed to certain chemicals in a 
fluid phase. The reaction transforms the solid into another compound, starting 
from the surface. The formation of BiOCl/Bi2O3 heterojunctions is an example 
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for this strategy. Here, crystalline Bi2O3 is used as the starting material. When 
the crystals are exposed to HCl solution, the surface layer of Bi2O3 was 
dissolved to form Bi
3+
, which precipitated out to form a new crystallite of 
BiOCl in the presence of Cl
-
. This process could lead to a core-shell structure, 
which would be a poor catalyst, as either electrons or holes will accumulate in 
the core material where they are far away from the electron acceptor or donors 
in the solution. However, in this case, the newly formed BiOCl has a larger 
volume than the original oxide. Because of the strain, a continuous outer layer 
cannot form, but the material brakes up into many small crystallites, which 
cover only part of the Bi2O3 phase. This is schematically shown in Fig 1.11. 
Both phases are in contact with the solution, so that electrons and holes can be 
removed by surface reactions with the substrate. BiOI/Bi2O3 and 
NaBiO3/BiOCl have been synthesized by this method. The compositional 
uniformity from particle to particle still remains in question by this method.  
 






1.6  Facet engineering of photocatalysts 
Surface properties play a significant role to the physical and chemical 
performance of single-crystalline materials [126-130]. Due to their particular 
geometric and electronic structures, different crystal facets of a 
single-crystalline photocatalyst usually possess distinctive photocatalytic 
activities. Therefore the facet-controlled fabrication of single-crystalline 
photocatalysts with well-defined morphologies has attracted considerable 
attention over the past decades [33,131]. For example, anatase TiO2 single 
crystals with highly reactive {001} facets were synthesized by Lu and 
coworkers [132-135], who demonstrated both theoretically and experimentally 
that this material was more reactive than anatase TiO2 crystals dominated by 
the thermodynamically stable {010} facets. Jing Jiang et al. [136] synthesized 
BiOCl single-crystalline nanosheets with exposed {001} and {010} facets 
selectively, and reported that the resulting BiOCl single-crystalline nanosheets 
with exposed {001} facets exhibited higher activity for direct semiconductor 
photoexcitation pollutant degradation under UV light while the counterpart 
with exposed {010} facets possessed superior activity for indirect dye 
photosensitization degradation under visible light. 
 
1.7  Bismuth based photocatalysts 
Bismuth, with an atomic mass of 208.980, is the 83
rd
 element and the heaviest 





 in abundance in the Earth’s crust), large quantities of 
bismuth are produced annually as a by-product of copper and tin refining. 
Even though it is a heavy metal, bismuth is considered to be safe, as it is 
non-toxic and noncarcinogenic [137]. Bismuth salts are for example widely 
used in pharmaceutical products as antacids and in the treatment of peptic 
ulcers. Most bismuth compounds are relatively non-toxic and easy to handle 
[137]. With increasing environmental concern, bismuth containing 
semiconductors have drawn the attention of many researchers in recent years. 
The conduction band (CB) levels of narrow-band-gap oxide semiconductors 
are usually low (relative to the vacuum level) because deep valence bands are 
formed by linear combinations of O2p orbitals. This is a major problem for 
developing visible-light-driven and stable oxide photocatalyst. It is necessary 
to control the valence band (VB) with orbitals of more electro-positive 
elements than O2p to move the absolute position higher (i.e., to make the 
material more easily ionizable). It has been found that bismuth is a potential 
candidate as such a valence band control element [138].
 
Recently, great efforts 
have been devoted to develop bismuth containing photocatalysts with high 
activity for environmental application or water splitting, such as BiVO4 
[39,66-70], Bi2WO6 [37,47,71-77], CaBi2O4 [78], NaBiO3 [35,36], Bi2O3 [25], 





1.7.1  Bi2O3 
Bi2O3 has six polymorphs, i.e. α-Bi2O3, β-Bi2O3, γ-Bi2O3, δ-Bi2O3, ε-Bi2O3, 
and ω-Bi2O3. At low temperatures, the monoclinic α-Bi2O3 is the stable form, 
but it transforms to the cubic fluorite δ-Bi2O3 when heated above 727 
o
C. All 
the other structures are metastable [139]. The band gap of Bi2O3 lies between 
2.0 and 2.8 eV, depending on the crystalline phase. In the Bi(III) 
semiconductors, the Bi 6s and O 2p levels hybridize to form the valence band 
while the conduction band is derived from Bi 6p orbitals [138].  
Zhang et al. [25] obtained nanosized Bi2O3 of 40 – 100 nm using 
polyvinylpyrrolidone (PVP) as surfactant in the synthesis. High-intensity 
ultrasound treatment caused dehydration of Bi(OH)3 into Bi2O3 while the 
addition of PVP resulted in the formation of granular grains rather than 
rod-like structures. The resulting nanoparticles degraded 86 % of methyl 
orange to NO, NO2 and CO2 within 100 min using visible light (λ > 400 nm). 
In comparison, micron-sized Bi2O3 showed lower conversion under similar 
conditions while TiO2 (P-25) was inactive. By introducing VO3
-
 into the 
reaction system, Zhou and coworkers [140]
 
successfully synthesized a uniform 
hierarchical δ-Bi2O3, composed of 2D nanosheets intercrossed with each other. 
This material possessed surface area as high as 72.9 m
2•g-1 and exhibited 10 
times higher activity compared to a commercial Bi2O3 for the degradation of 
RhB under visible light irradiation (λ > 400 nm). Eberl [141] prepared 
α-bismuth oxides by three different methods. The direct calcination of salts 
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such as BiONO3, Bi(NO3)3·5H2O, (BiO)2CO3 and BiOCl at 500 C led to 
powders of poor to moderate photoactivity for the degradation of 
4-chlorophenol under visible light (λ > 420 nm). Bismuth oxides formed by 
precipitation of bismuth and bismuthyl nitrates with NaOH and subsequent 
calcination gave the highest activity with complete photomineralization of 
4-chlorophenol. However, the evolved CO2 resulted in the formation of 
bismuth carbonates that could not be removed despite calcination at 500 C 
for 1 h. Wang et al. [142] prepared Ti-doped -Bi2O3 by a hydrothermal 
method with subsequent calcination at 400 
o
C and tested it for the 
photodegradation of indigo carmine, Rhodamine B, and methylene blue under 
visible-light irradiation. The Ti-doped sample was more resistant to the 
formation of (BiO)2CO3 than - Bi2O3 and could be reused. In contrast, even 
after one run, the undoped Bi2O3 transformed to predominantly the -phase 
(81 %) with the formation of (BiO)2CO3 (11 %). Interestingly, a 3D flowerlike 
hierarchical Fe3O4@Bi2O3 core-shell architecture was reported by Wang et al. 
[143]. They used Bi2O3 as the shell, which was formed on the surface of Fe3O4 
by Ostwald ripening and a self-assembly process. The surface area of this 
core-shell structure (73.8 m
2•g-1) was much higher than that of commercial 
Bi2O3 (0.368 m
2•g-1), which resulted in a ten times higher activity than 
commercial Bi2O3 particles under visible-light irradiation. Furthermore, these 




1.7.2  Bi(Ⅴ) containing compounds 
Bi(V) materials such as ABiO3 (A=Na, K, Ag, Li) are less studied compared to 
Bi(III) photocatalysts. In those materials, Bi is in the form of Bi
5+
, which has 
empty 6s orbital. NaBiO3, with an indirect band gap of 2.6 eV, is active in the 
photooxidation of 2-propanol in the gas phase, and methylene blue and 
Rhodamine B in aqueous solution under visible light irradiation [35,144]. 
Different from Bi(Ⅲ )-containing oxides in which the valence band is 
composed of hybridized orbital between Bi 6s and O 2p, the valence band of 
NaBiO3 was found to be mainly composed of the O 2p orbital with little 
contribution from the Bi 6s orbital from electronic structure calculations [35]. 
Due to the presence of Na, the bottom of the conduction band in NaBiO3 is 
composed of the hybridized Na 3s and O 2p orbitals where a large dispersion 
was observed. It suggested that the photoexcited electrons have high mobility 
in the sp bands, which leads to suppression of the recombination of 
electron-hole pairs. This explains the relatively high photooxidation activity of 
the material. Ye’s group [145] also studied LiBiO3. As it had a low band gap 
(1.7 eV), its optical absorbance spectrum had the absorption edge around 730 
nm. The material was able to absorb visible light over a wide range of 
wavelengths. Methylene blue was mineralized to nonorganic fragments 
completely by the photoinduced oxidization after a short illumination with 
white fluorescent light. Takei et al [146] studied various pentavalent 
bismuthates, including LiBiO3, NaBiO3, MgBi2O6, KBiO3, ZnBi2O6, SrBi2O6, 
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AgBiO3, BaBi2O6 and PbBi2O6. Their photocatalytic activities varied for 
different substrates. For methylene blue decolorization, KBiO3 decolorized it 
within 5 min. For phenol decomposition, NaBiO3 showed the highest activity, 
while LiBiO3, SrBi2O6 and BaBi2O6 possessed almost comparable 
decomposition rates. Their decomposition rates were apparently even higher 
than those of anatase (P25) under UV irradiation. 
 
1.7.3  Bismuth oxyhalides  
Bismuth oxyhalides (BiOX where X = F, Cl, Br, or I) crystallize in the 
tetragonal matlockite structure with layers of Bi2O2 interleaved by double 
layers of halogen atoms (Fig. 1.12) [27]. Each Bi atom is coordinated to four 
O atoms in one face and to four X atoms in the other to form a square 
antiprism. The O atoms are tetrahedrally coordinated to four Bi atoms. The X 
atom is coordinated to four Bi atoms in the layer above [27]. The [BiOX] 
layers are stacked together by nonbonding (van der Waals) interactions 
through the halide atoms along the c-axis. The structure is not closely packed 
in this direction, and the layered structure is easily cleaved along the [001] 
direction. Therefore, BiOX is a layered semiconductor with high anisotropy. 
From the results of density functional theory (DFT) and tight-binding linear 
muffin-tin orbital (TB-LMTO) calculation, BiOF exhibits a direct band gap 
while the other three species (BiOCl, BiOBr, BiOI) have indirect band gaps. 
The valence band consists of both O 2p and X np (n = 2, 3, 4, and 5 for X = F, 
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Cl, Br, and I, respectively) while the conduction band is mostly formed by Bi 
6p [147]. As X changes from F to I, there is a narrowing of the band gap due 
to an increase in the density of states just above the valence band edge 
[147,148]. This leads to a contraction of the band gap from BiOF to BiOI of 
~3.64, 3.19, 2.75 and 1.76 eV, respectively [26,149]. The absolute potentials 
of the conduction band of BiOX are lower than that required to reduce oxygen, 
thus oxidation at holes should play an important role [29]. In fact, valence 
band edge potential is more positive than the oxidation potential for H2O2 or 
O3, making them very powerful oxidizers.  
 
Figure 1.12 3-D projection of BiOCl crystal structure 
Different strategies for preparing BiOX have been reported. These range 
from simple hydrolysis to polymerization in reverse micro-emulsions [28,149]. 
Organic solvents, different precursors and hydrothermal conditions have also 
been explored [151-154]. Su [26] synthesized pure BiOF by adding NH4F into 
Bi (NO3)3•5H2O to obtain a precursor, followed by calcination at 400
o
C for 2 
h. BiOF, with a band gap of 3.64 eV, exhibited especially high photocatalytic 
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performance in the degradation of RhB, as much as 99% after only 5 min UV 
irradiation, with more than 95% for methyl orange, phenyl and salicylic acid 
after 75 min UV irradiation.  
BiOCl is perhaps the most widely studied bismuth oxyhalide, and was first 
reported in 2006 [27]. BiOCl, with an indirect optical band gap of 3.46 eV, 
was found to be more active than TiO2 (P25, Degussa) for the degradation of 
methyl orange. Since this initial report, many works have focused on this 
material. Recent investigations revealed that the {001} facet is the active facet 
in BiOCl crystal structures. Ye [155] synthesized BiOCl nanosheets with 
tunable percentage of {001} facets by hydrolyzing molecular precursors 
Bin(Tu)xCl3n (Tu = thiourea), and found that the {001} facets are the 
photo-reactive facets. They attributed the high photocatalytic activity of this 
facet to the high oxygen atoms density, which engenders plenty of oxygen 
vacancies under UV light irradiation. Zhang’s group [136] obtained BiOCl 
single-crystalline nanosheets with exposed {001} and {010} facet via a facile 
hydrothermal route. Very interestingly, they found that the resulting BiOCl 
with exposed {001} facets exhibited higher activity for pollutant degradation 
under UV light due to a cooperative effect between the surface atomic 
structure and suitable internal electric fields, while BiOCl with exposed {010} 
facets possessed superior activity for indirect dye photosensitization 
degradation under visible light due to its larger surface area and open channel 
characteristic. Later, they demonstrated that the (001) surface of BiOCl is 
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preferred to reduce O2 to •O2
-
 through one-electron transfer, while the (010) 
surface favors the formation of O2
2-
 via two-electron transfer [156].  
There are also many reports on the use of BiOBr as a photocatalyst. 
Flake-like BiOBr semiconductors were hydrothermally synthesized under 
acidic conditions. Longer hydrothermal treatment time increased the crystallite 
size, while a higher temperature of 180 C led to anisotropic growth of BiOBr 
along the (001) crystal face. Analysis of the diffuse reflectance UV–vis spectra 
showed that the BiOBr materials have indirect band gaps of approximately 
2.92 eV, which was essentially unaffected by the synthesis parameters. The 
BiOBr flakes were photostable in 15 runs and showed good activity in the 
photo degradation of methyl orange under visible light (> 400 nm) 
illumination and were more active than P25. By using 
cetyltrimethylammonium bromide (CTAB) as the bromide source and as 
template, well-defined 3D flowerlike BiOBr nanostructures can be obtained. 
Different flowerlike BiOBr nanostructures could be obtained by varying the 
CTAB concentration. Those 3D flowerlike nanostructures possessed much 
higher surface area compared to plate-like structures.  
BiOI had the best photodegradative activity for phenolic compounds under 
illumination with a high pressure xenon arc lamp [29]. This agrees with the 
band gap energies of BiOX. BiOI microspheres were found to show much 
higher photocatalytic activity than the random BiOI platelets, evaluated by 
degradation of phenol in aqueous solution under visible light irradiation [157]. 
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Xiao synthesized self-assembled three-dimensional BiOI microspheres 
composed of nanoplatelets at low temperature using ethanol-water mixed 
solvent as reaction media and NH3•H2O as pH adjustment. It was found that 
mixed solvent and alkali play key roles in the formation of BiOI microspheres. 
Ye and coworkers [158] obtained highly symmetrical BiOI single-crystal 
nanosheets with dominant {001} facets (up to 95%) by annealing. They 
reported that the thickness and the {001} facets percentage of BiOI can be 
tuned by changing the annealing temperature. These BiOI single-crystalline 
nanosheets exhibited 7 times higher photoactivity than irregular BiOI for 
degradation of RhB, which proved that {001} facets are the reactive facets of 
BiOI. 
 
1.8  Aim and outline of the thesis 
Organic pollutants have a deleterious effect on the environment and public 
health, and thus the degradation of those compounds is of great importance. 
Visible-light-driven photocatalysts, which can utilize more than 40 % of the 
solar energy, are one of the most promising environmental benign materials 
capable to decompose those compounds. Although many visible-light-driven 
photocatalysts have been reported, there are still several problems such as poor 
stability and strict condition requirement. Therefore, we aim to develop series 
of photocatalysts that are efficient for the degradation of organic compounds 
under visible light illumination and also have good stability. 
Since forming heterojunctioned structures is an effective way to reduce 
the recombination of photogenerated electron-hole pairs, several 
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heterojunctioned composites are designed to obtain enhanced photocatalytic 
activities. As facet engineering gives a direction to obtain highly active 
photocatalysts, BiOI with different exposed facets were synthesized and 
studied. Besides, a high surface area material was also studied as high surface 
area lead to high activity duo to more interaction between the substrates and 
catalyst. In addition, to explore the possible reason that the photocatalysts can 
exhibit higher photocatalytic activity, the active species during the degradation 
processes were studied. In summary, the outline of our work is as follows: 
1. Bi2O3/BiOCl heterojunctioned composites photocatalyst for dye 
degradation 
- Preparation of Bi2O3/BiOCl composites using Bi2O3.  
- Characterization of Bi2O3/BiOCl heterojunctioned composites. 
- Photocatalytic activity of Bi2O3/BiOCl over dyes, such as Rhodamine B 
under visible light irradiation. 
- Study of active species during the photocatalytic reaction 
-  Mechanism study of the enhanced activity by forming heterojunctioned 
composites 
2. Bi2O3/BiOBr and NaBiO3/BiOBr heterojunctioned photocatalysts for 
dye degradation 
- Preparation of Bi2O3/BiOBr and NaBiO3/BiOBr composites using Bi2O3 
or NaBiO3. 
- Characterization of Bi2O3/BiOBr and NaBiO3/BiOBr heterojunctioned 
composites. 
- Photocatalytic activity of Bi2O3/BiOBr and NaBiO3/BiOBr over dyes, 
such as RhB under visible light irradiation. 
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- Study of active species during the photocatalytic reaction 
-  Mechanism study of the enhanced activity by forming heterojunctioned 
composites 
3. Bismuth oxyiodides photocatalysts for phenol degradation 
- Preparation of BiOI with different dominant phases. 
- Characterization of BiOI. 
- Photocatalytic activity of BiOI for the decomposition of phenolic 
compounds, such as p-cresol, under visible light irradiation. 
-  Heterojunctioned composites of BixOyIz by annealing BiOI at high 
temperature. 
- Study of active species during the photocatalytic reaction 
-  Mechanism study of the enhanced activity by forming heterojunction 
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Chapter 2. Experimental 
 
2.1 Materials 
All reagents were purchased from commercial sources and were used as 
received. Solvents were dried using 4Å molecular sieves before use. 
 
2.1.1 Preparation of Bi2O3/BiOCl composites 
2.1.1.1  Preparation of Bi2O3  
100 ml of 5 M ammonia solution was added dropwise into 60 ml of Bi(NO3)3 
solution containing 0.02 mol Bi(NO3)3•5H2O at room temperature. A white 
precipitate formed immediately at the site where ammonia dropped into the 
solution due to local supersaturation at the higher pH. Therefore, the particle 
size of the product was small. The resulting suspension was refluxed at 100 
o
C 
for 24 h, digesting long enough to get a well crystallized product. The solid 
was filtered, dried, and calcined at 550 
o
C for 5 h. 
2.1.1.2  Typical procedure to prepare Bi2O3/BiOCl composites [1] 
1 g of solid Bi2O3 (prepared as described above in 2.1.1.1) was dispersed in 
10 ml of ethanol. The calculated amount of concentrated aqueous HCl (HCl : 
Bi from 1 to 6) was then added dropwise while stirring. The suspension was 
stirred for 3 h at room temperature and then sonicated for 5 min. The solid was 
filtered, dried at 80 
o
C overnight, and calcined at 300 
o
C for 1 h.  
Pure BiOCl was synthesized following the same procedure by adding an 
excess of HCl. For purpose of comparison, commercial Bi2O3 purchased from 
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Sigma-Aldrich (99.9 %) was also used to prepare the Bi2O3/BiOCl composites 
using the same method. 
 
2.1.2 Preparation of Bi2O3/BiOBr composites 
The Bi2O3/BiOBr heterojunctions were prepared by acid corrosion of Bi2O3. 
After dispersing 1.398 g (3.000 mmol) of bismuth oxide (Sigma-Aldrich) in 
14 ml of absolute ethanol, 0.263 to 1.051 ml (containing 1.5 to 6 mmol HBr) 
of 33 % hydrobromic acid in glacial acetic acid was added dropwise with 
stirring. The suspension was stirred for 1 h and the solid was recovered by 
centrifugation, washed with absolute ethanol, and dried at 80 
o
C overnight in 
an oven. Pure BiOBr was prepared by using excess (3.152 ml; 18 mmol) 
hydrobromic acid/acetic acid solution.  
 
2.1.3 Preparation of NaBiO3/BiOBr composites 
The NaBiO3/BiOBr heterojunctions were prepared by the same simple acid 
corrosion method as described in 2.1.2, in this case starting with solid NaBiO3. 
1.4 g of sodium bismuthate (Merck, irregular micro-sized particles with 
nanoflakes) was dispersed in a mixture of 20 ml absolute ethanol and 10 ml 
distilled water. For the synthesis of NaBiO3/BiOBr heterojunctions with 
different compositions, 0.438 ml, 0.876 ml, 1.313 ml, or 1.751 ml of a solution 
of 65 % hydrobromic acid in acetic acid were then added dropwise while the 
suspensions were stirred at room temperature. The stirring was continued for 1 
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h. The resulting products were separated by centrifugation, washed with 
absolute ethanol, and dried at 80 
o
C in an oven overnight. Pure BiOBr was 
prepared by using 2.627 ml HBr acetic acid solution with the same method. 
The fraction of NaBiO3 in the NaBiO3/BiOBr heterojunctions was determined 
by measuring the amount of sodium in the samples using Inductive Coupled 
Plasma Emission Spectrometry (ICP); this fraction is referred to in the sample 
names. 
 
Scheme 2.1 Synthesis principle of NaBiO3/BiOBr heterojunction 
2.1.4 Preparation of BiOI and bismuth oxyiodides heterojunctions 
2.1.4.1  Preparation of BiOI 
For each preparation, 2 mmol of Bi(NO3)3•5H2O were dissolved in 21 ml 
distilled water acidified with 1.4 ml glacial acetic acid, and 10 mmol of KI 
were dissolved in 6 ml distilled water. Then the KI solution was added to the 
Bi(NO3)3 solution with vigorous stirring. The required amount of 1 M NaOH 
solution was added into these solutions to adjust the pH value to x (x = 3, 4, 6, 
7, 8). The solutions were stirred for 30 min and then poured into 40 ml 
Teflon-lined stainless steel autoclaves. The autoclaves were heated to 160
o
C 










The resulting precipitates were collected by centrifugation, washed with 
absolute ethanol, and dried in an oven at 80 
o
C overnight. The product 
obtained was denoted as BiOI pH x (x = 3, 4, 6, 7, 8). The pH of the 
suspension without adding any NaOH solution is 2.3, therefore the sample 
synthesized without adding any NaOH was denoted as BiOI pH 2.3. 
 
2.1.4.2  Preparation of bismuth oxyiodide heterojunctions 





C) for different lengths of time (1 h – 5 h) using a Nabertherm GmbH 
Series SN 292392 oven. The products obtained are denoted as BiOI pH 6 y-z 
(y is the temperature, and z is the time at this temperature in hours). 
 
2.2 Characterization 
Many analytical techniques were used to characterize the photocatalysts. The 
most important characterization techniques used in the preparation of this 
thesis include powder X-ray diffraction (XRD), nitrogen sorption porosimetry, 
transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), inductively coupled plasma atomic emission spectroscopy (ICP-AES), 
UV-vis molecular absorption spectroscopy, UV-Vis diffuse reflectance 





2.2.1  Powder X-ray Diffraction 
Powder X-ray diffraction is used to identify bulk phases, to quantify the 
different phases in the photocatalysts, and to estimate the average crystallite 
size of the nanoparticles.  
Crystalline materials are made up of lattice planes, and parallel planes 
within the crystal are equally spaced, separated by a fixed distance, d. When 
the sample is irradiated with monochromatic X-rays, the X-rays are diffracted 
by the network of atoms within the crystal structure and beams reflected in the 
same direction interact with each other. The resultant amplitude depends on 
the phase shifts of the waves as they move through different distances and 
interact with different atoms as they penetrate through the crystal planes. The 
diffraction angle at which positive interference occurs obeys the Bragg 
diffraction law [2]: 
     2dsinθ = nλ           (2.1) 
where d is the interplanar distance, θ is the incident angle of x-ray beam, λ is 
the wavelength of x-ray and n is the integer known as the order of reflection.  
High intensities will be detected from the sample at those angles where nλ, 
(n = any integer), and no intensities will be detected at angles in between. The 
X-ray diffractogram then consists of peaks located at specific diffracting 
angles 2θ as expected from Bragg’s equation. The intensity of the peaks 
depends on the nature of the atoms composing the crystal structure and their 
relative positions within the lattice cell. Each crystalline solid has its unique 
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characteristic X-ray diffraction pattern that may be used as a “fingerprint” for 
comparison. The International Centre for Diffraction Data (ICDD) provides 
the standard powder diffraction patterns of a large number of compounds in 
the form of JCPDS cards. The structure of an unknown compound can be 
roughly identified by comparing with the data summarized in these cards. 
Other information such as the space group and crystal structure can also be 
extracted from the diffractograms.  
 
Figure 2.1 Schematic diagram of the scattering of x-rays by a crystalline 
material [3]  
According to the theory of diffraction [4], the pattern of polycrystalline 
samples consists of sharp lines. However, some degree of broadening of these 
lines is always presented in practice, which is determined by the crystallite 
size distribution, the presence, nature and extension of lattice strains, and the 
spectral distribution of energy. The Scherrer equation relates the size of the 
crystallites to the broadening of the diffraction peak [5]. 






          (2.2)  
where τ is the mean crystallite size, k is the dimensionless shape factor with a 
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value close to unity, λ is the wavelength of the x-ray used, β is the 
(instrumental broadening corrected) peak width at half maximum (FWHM) 
and θ is the Bragg’s angle in radian. In  cherrer’s original derivation, it was 
assumed that the crystal was cubic and the line profile was approximated by a 
Gaussian function. The value of k obtained was 0.94. The exact value varies 
with the actual shape of the crystallites, but an average value of 0.9 is used in 
most cases. This equation is only applicable to nanoscale particles and cannot 
be used on samples with crystallite size larger than 0.1 μm.  
Powder diffractometers come in two basic configurations: θ-θ in which the 
X-ray tube and the detector move simultaneously or a θ-2θ setup in which the 
x-ray tube is fixed, and the specimen moves at half the rate of the detector to 
maintain θ-2θ geometry. In this study, XRD measurements were made using a 
 iemens 5005 diffractometer which is a θ-θ system and using Ni-filtered Cu-Kα 
X-ray radiation (λ = 1.54056Å). The peak line width β was corrected for the 
instrumental broadening, using the formula β = . B is the measured 
peak width and b is the instrumental broadening, determined from the line 
width of a well crystallized quartz material.  
 
2.2.2  N2 sorption porosimetry 
The N2 sorption technique is used to measure the surface area of the solid 
photocatalysts. Molecules of N2 are physically adsorbed under controlled 




The adsorption takes place on the entire particle surface, including the external 
and internal pore surfaces. An N2 adsorption/desorption isotherm can be 
obtained by measuring the pressure of the gas above the sample as a function 
of the volume of gas introduced into the chamber. The surface area can be 
calculated from this isotherm by Brunauer-Emmett-Teller (BET) theory [6]. 
Physisorption occurs when weak and long range Van der Waal’s forces of 
attraction are formed between the gas adsorbate and the solid surface. This 
type of adsorption is fairly material-independent and takes place between all 
gas molecules on any surface at sufficiently low temperatures. The Langmuir 
isotherm models simple monolayer adsorption equilibrium. However, it is 
observed in most cases that the amount of adsorption increases infinitely as 
pressure increases. In 1930’s, Brunauer-Emmett-Teller (BET) extended 
Langmuir’s theory to the multilayer adsorption [6]. The mathematical 
expression of the multi-layer adsorption is as follows: 
    
     
(2.3) 
where θ = coverage (no. of occupied sites/ total no. of possible sites), v = total 
volume adsorbed, vm = volume for monolayer coverage, P = equilibrium 
pressure, Po = saturation pressure of the adsorbate at the temperature of 
adsorption and c = BET constant which can be expressed as: 
    

















where EADS = heat of adsorption for first layer, ECOND = heat of adsorption for 
second and higher layer = heat of condensation 
Equation (2.4), which describes the adsorption isotherm, can be 
rearranged in a linearised form (BET equation): 
          
(2.5) 
If  is plotted against , one can obtain values of vm and c from 
the slope and the y-intercept. However, for most experimental cases this linear 
relationship is only fulfilled in the range of 0.05 < < 0.35.  
Total surface area SBET,T and specific surface area SBET in m2/g can then be 
evaluated using the following equations: 
            
(2.6) 
             
(2.7) 
where N = Avogadro’s number, s = adsorption cross-section area of the 
adsorbate molecule (N2 = 16.2 Å2/molecule), V = molar volume of gas 
adsorbate, a = mass of sample (in grams).  
 The BET method is the most popular means of measuring surface areas of 
finely divided solids. It is reproducible and easily to perform. But it does have 
some serious limitations [7]. Since a heating and degassing procedure is 
required, it is not applicable for solids that interact strongly with water. By 
using nitrogen molecules as adsorbents, it cannot detect pores that are smaller 
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than the dinitrogen molecule. The accuracy of BET measurements depends on 
the validity of the assumptions underlying the data analysis method. In this 
thesis, the BET method is adoptable. 
In our experiment, the surface area of the photocatalysts was determined 
by a Micromeritics TriStar 3000 instrument. The powdered samples (0.1 g- 
0.15 g) were degassed in a sample tube with a slow flow of N2 for 
approximately 5 h at 300 oC for those samples calcined higher than 300 oC, 
and at 100 oC for those samples treated below 300 oC in the sample 
preparation, in order to remove any water and contaminants present on the 
surface. After degassing, the sample was accurately weighted and sample 
tubes containing the samples were connected to the analysis port of BET 
instrument. During measurements, the sample tubes were immersed in a dewar 
containing liquid nitrogen to maintain it at a constant temperature. Gaseous 
nitrogen was introduced in small doses under instrument control, and the 
adsorption/desorption process was followed by measuring the amount of gas 
adsorbed at various N2 partial pressure. 
 
2.2.3  Scanning electron microscopy 
The scanning electron microscopy (SEM) is an instrument that produces high 
resolution images by using electrons instead of light to form an image [8]. Due 
to the manner in which the image is created, SEM images have a characteristic 
three-dimensional appearance and are useful for judging the surface structure of 
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the sample.  
In the scanning electron microscope, a beam of electrons is generated in a 
vacuum. This electron beam is focused into a fine probe and subsequently raster 
scanned over a small rectangular area of a sample. As the beam interacts with 
the sample, it creates various signals (secondary electrons, internal currents, 
photon emissions, etc.). These secondary electrons are detected by a 
scintillation material that produces a flash of light for each electron. The light 
flashes are then detected and amplified by a photomultiplier tube. By 
correlating the sample scan position with the resulting signal, an image can be 
























In this study, the SEM was used to study the topography and morphology of 
the photocatalysts. The low resolution SEM images were obtained on a JEOL 
JSM-5200 microscope using 15 kV or 20 kV electron beams, while the high 
resolution SEM images were obtained on a JEOL JSM-6701F SEM 
(field-emission) with voltage of 5 kV. 
 
2.2.4  Transmission electron microscopy 
Transmission Electron Microscopy (TEM) is a microscopy technique used to 
produce high-magnification images of thin specimens, which is based on the 
interaction of high energy electrons with matter [9].  
In order to get high resolution images, electrons are used as the source in 
TEM as they are elementary particles displaying wave-particle duality. The 
wavelength of an electron can be calculated by the de Broglie equation, which 
describes an inverse relationship between the wavelength of the electron and 
the accelerating voltage: 
             (2.8)
 
where h = Planck’s constant (6.626×10-34 J·s), m0 = rest mass of the electron 
(9.109×10-31 kg), v = velocity of the electron , c = speed of light (2.998×108 
m/s) and V = beam acceleration voltage. The second term in the brackets is the 
relativistic correction, which is required because at 200 keV, electrons reach 


















the electrons is 2.5 pm. By varying the beam acceleration voltage V, the 
electron wavelength and the resolution of the images can be fine-tuned. 
Information of the specimens, such as morphology, size, and spatial 
distribution of small particles on supports can then be obtained from these 
high resolution images. 
TEM has two main modes: diffraction mode and imaging mode. These 
two modes can be interchangeably used in the same instrument to produce 
both the diffraction pattern (reciprocal space) and the image (real-space). 
Imaging mode was used in this experiment. In this imaging mode, an objective 
aperture is inserted in the back focal plane to select one or more beams that 
make up the final image. This allows the instrument to operate in bright-field 
(BF) mode or dark field (DF) mode. If the electron beam emerging from the 
sample goes through the center of the objective aperture without scattering, a 
bright field image is obtained. In contrast, a dark field image is obtained by 
selecting diffracted electron beams of a specific reflection. In dark field 
images, only regions with the selected crystallographic orientation will appear 
bright over a dark background.  
The contrast of the image depends on the thickness and the electron 
density or the diffracting ability of the sample. Thick samples or samples 
containing heavy elements will scatter more electrons compared to thin 
samples or samples containing lighter elements. The orientation of the 
crystallites within the analyzed sample also affects the diffraction contrast. 
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The incoming electron beam will be fully scattered when the orientation of a 
crystallite relative to the electron gun and to the observation direction fulfils 
Bragg’s law. High resolution imaging can also be achieved due to the phase 
contrast feature, which is related to the atomic structure of the sample. In 
diffraction mode, a selected area aperture can be placed at the image plane to 
select appropriate regions of the sample. Selected area electron diffraction 
(SAED) can then be performed on these selected regions to characterize the 
crystallographic phase of the sample.  
 



































A JEOL 3010 transmission electron microscope operated at 200 kV is 
used in this work. For sample preparation, 5 mg of finely ground sample were 
suspended in 5 ml of 2-propanol (IPA) and the suspensions were sonicated for 
5 minutes. A drop of the suspension was placed onto a carbon-coated copper 
grid and dried at room temperature overnight. The copper grid was carefully 
placed onto the sample holder and inserted into the TEM instrument for 
measurements.  
 
2.2.5  Inductively coupled plasma atomic emission spectroscopy 
Inductively coupled plasma-atomic emission spectroscopy is an analytical 
technique used to identify and quantify elements in solid and liquid samples 
[11].  
The inductively coupled plasma is used to produce excited atoms and ions 
which emit specific radiation measured by atomic emission spectroscopy. The 
sample solution is injected into the instrument and nebulized into small 
aerosol droplets, which are then carried into the plasma by an argon stream. 
After the liquid droplets enter the plasma, they are desolvated to salt particles 
and further atomized into atoms and ions. The outer shell electrons of these 
atoms and ions are subsequently thermally excited by the high temperature of 
the plasma (ca 7000 K; RT  58 kJ/mol). If the electrons return to the ground 
state, light with a characteristic wavelength is emitted. This emitted light is 
separated by a monochromator in the instrument into various wavelengths 
62 
 
which are then detected by a photomultiplier tube. Each element produces a 
characteristic set of emission lines and the intensity of the emission line is 
proportional to the concentration of the element. ICP-AES usually gives linear 
calibration curves, thus making it possible to determine a large linear range of 
concentrations with high sensitivity. The average relative standard deviations 
for real samples are usually about 1 to 10 %. The accuracy of the analysis can 
be optimized by using blank solutions with a similar matrix as the samples to 
be determined. This background correction will then produce good results. 
In this work, a Thermo Jarrell Ash Duo Iris ICP-AES instrument was used. 
Acid digestion method was used to prepare the sample solution. The addition 
of acids can facilitate the dissolution of the solid sample to form a clear 
solution without any loss of elements. 4-5 mg of solid sample was accurately 
weighed using a microbalance. 1.0 ml of HNO3 was added and the mixture 
was heated in a PTFE tube for 1 h to dissolve the solid sample thoroughly. The 
mixture was transferred to a 10 ml volumetric flask and made up to mark with 
deionised water. Standard calibration solutions were used to obtain the 
calibration plot. The sample solutions were then analyzed and their 
concentrations were deduced from the calibration plot.  
 
2.2.6  UV-vis molecular absorption spectroscopy 
UV-vis molecular absorption spectroscopy is used for qualitative and 
quantitative determinations of aromatic and unsaturated organic compounds, 
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inorganic ions, and biochemicals. 
Molecules containing π-electrons or non-bonding electrons (n-electrons) 
can absorb the energy in the form of ultraviolet or visible light to excite these 
electrons to higher anti-bonding molecular orbitals. The more easily excited 
the electrons (i.e. lower the energy gap between the HOMO and the LUMO), 
the longer the wavelength of light it can absorb. Molecular groups that absorb 
visible or UV light are called chromophores. For example, for a π→π* 
transition to occur, a molecule must possess a chromophore with an 
unsaturated bond, such as C=C, C=O, C=N, and so on. Table 2.1 lists types of 
organic compounds and the wavelengths of their absorption maximum. 




The construction in principle of a double beam UV/VIS absorption 
spectrophotometer is shown in Fig 2.6. One beam coming from the light 
source gets through a monochromator and is split simultaneously by a quartz 
mirror into two beams. One beam travels through a quartz cell containing the 
sample, while the other passes through a quartz cell containing the solvent. 
Photomultipliers convert the light into electric current and the electric circuits 
compares the two currents. And the computer would generate the absorption 
spectrum according to the signals.  
 
Figure 2.4 A UV-vis spectrophotometer [12] 





10       (2.9) 
where A = the measured absorbance, in Absorbance Units (AU), I0 = the light 
intensity of the incident radiation, I = light intensity of transmitted radiation, ε 
= molar extinction coefficient (L•mol-1•cm-1), c = concentration (mol•L-1) of 
the analyte, and l = thickness of the layer (cm). Since ε is a constant for a 
given wavelength and physical property of the molecule and l is constant for a 
certain cuvette, the absorbance has a liner relationship with the concentration 
of the analyte.  
In this thesis, we used a UV-vis spectrophotometer (Shimadzu, UV-1601) 
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to test the concentration of the pollutant. Deionized water was used as a 
reference. The concentration of different pollutants was determined at different 
wavelength, as shown Table 2.2. 
Table 2.2 Concentration determination wavelength of different pollutants 
Pollutant Wavelength (nm) 
Rhodamine B 554 
p-cresol 277.5 
phenol 270 
4-tert-butyl phenol 275 
4-chlorophenol 280 
 
2.2.7  UV-vis diffuse reflectance spectroscopy 
UV-vis diffuse reflectance spectroscopy is a useful spectroscopic technique 
based on the reflection of light in the UV and visible region by a powdered 
sample that probes the absorption of light and band gap energy of the 
photocatalysts. 
In a DRS spectrum, the ratio of the light scattered from an infinitely thick 
layer and the scattered light from an ideal non-absorbing reference sample is 
measured as a function of the wavelength λ. As illustrated in Fig 2.5, the 
incoming beam from the light source is split into two beams, with one being 
directed towards the sample, and the other towards the reference. The 
illumination of powdered samples by incident radiation leads to diffuse 
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illumination of the samples. The incident light is partially absorbed, partially 
scattered. The scattered radiation, emanating from the sample is collected in an 
integration sphere and detected.  
 
Figure 2.5 Schematic overview of a diffuse reflectance spectrophotometer 
with integration sphere [13] 
The Kubelka-Munk theory [14] describes the relationship of the diffuse 
reflection of the sample (R∞) and absorption coefficient (α) and scattering 









   (2.10) 
The band gap of semiconductor photocatalysts, which is defined as the 
minimum photon energy required to excite an electron from the highest 
occupied molecular orbital to the lowest unoccupied molecular orbital, can be 
obtained from the diffuse reflectance UV-vis absorption spectra. There are two 
basic types of electronic transitions, namely direct transitions and indirect 
transitions. Direct transitions require only that photons excite electrons, while 
indirect transitions also require concerted vibrations and energy from the 
crystal lattice (phonons). The energy dependence of the absorption coefficient 









     (2.11) 
where hν is the energy of the incident photon, and Eo is the optical 
absorption edge energy. The exponent η depends on the type of optical 
transition caused by photon absorption. In crystalline semiconductors, where 
crystal momentum is conserved and electron transitions obey well-defined 
selection rules, η is 1/2, 3/2, 2, and 3 when the transitions are direct-allowed, 
direct-forbidden, indirect-allowed, and indirect-forbidden, respectively [15]. In 
the diffuse reflectance experiments, UV-vis reflectance data cannot be used 
directly to measure absorption coefficients (R) because of scattering 
contributions to the reflectance spectra. Scattering coefficients, however, 
depend weakly on energy and F(R∞) can be assumed to be proportional to the 
absorption coefficient within the narrow range of energy containing the 
absorption edge features. Then, a plot of (F(R∞)•hν)1/η vs hν can be used to 
determine the absorption edge energy. Two examples, one with direct band 
gap and one with indirect band gap, are given in Fig 2.6. 
In this work, the diffuse reflectance spectra were taken using a Shimadzu 
UV-2450 UV-Visible spectrophotometer with diffuse reflectance accessory 
ISR-240A. BaSO4 was used as the reference. The band gaps were obtained from 
plots of (F(R∞)•hν)1/2 versus the energy of light for direct band gap 
semiconductors or the plot of (F(R∞)•hν)2 versus the energy of light for indirect 





Figure 2.6 Band gap determination plots of (a) Bi2O3 and (b) BiOCl 
 
2.2.8  Fluorescence spectroscopy 
Fluorescence spectroscopy is a type of electromagnetic spectroscopy which 
analyzes fluorescence from a sample.  
Fluorescence spectroscopy is primarily concerned with electronic and 
vibrational states. By absorbing a photon, the species is excited from its 
ground electronic state to one of the various vibrational states in the excited 
electronic state. Collisions with other molecules cause the excited molecule to 
lose vibrational energy until it reaches the lowest vibrational state of the 
excited electronic state. This process is often visualized with a Jablonski 
diagram (Fig 2.7). The molecule then drops down to one of the various 
vibrational levels of the ground electronic state again, emitting a photon in the 
process. As molecules may drop down into any of several vibrational levels in 
the ground state, the emitted photons will have different energies, and thus 




































in fluorescent spectroscopy, along with their relative intensities, the structure 
of the different vibrational levels can be determined. 
 
Figure 2.7 One form of a Jablonski diagram [16] 
It is possible to record both excitation and emission spectra with most 
spectrofluorometers. An emission spectrum is the wavelength distribution of 
an emission measured at a single constant excitation wavelength, while an 
excitation spectrum is the dependence of emission intensity, measured at a 
single emission wavelength, upon scanning the excitation wavelength. 
 
Figure 2.8 Schematic diagram of a fluorescence spectrometer [16] 
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Fig 2.8 shows a schematic diagram of a fluorescence spectrometer. This 
instrument has a xenon lamp as a source of exciting light. The instrument 
shown is equipped with monochromators to select both the excitation and 
emission wavelengths. The light from the xenon lamp passes through a 
monochromator, and is split into two beams by a beam splitter. One of the 
beams goes into the reference cell and the other strikes the sample. A 
proportion of the incident light is absorbed by the sample, and some of the 
molecules in the sample fluoresce. The fluorescent light is emitted in all 
directions. Some of this fluorescent light passes through an emission 
monochromator which is placed at 90° to the incident light beam to minimize 
the risk of transmitted or reflected incident light reaching the detector, and is 
detected with a sensitive photomultiplier. 
The intensity of the fluorescence emission of a 2-hydroxyl terephthalic 
acid solution was measured using a Gilden FluoroSNS-fluorimeter with the 
excitation wavelength set at 315 nm. 
 
2.2.9  Electronic structure calculation 
The commercial software Material Studio (V6.1) is used to calculate the 
electronic structures. CASTEP code is applied to carry out geometry 
optimization and band structure calculations. The calculations use density 
functional theory (DFT) with the Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation functional under periodic boundary conditions. All atoms 
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are described by an ultrasoft pseudopotential. The electronic wave functions 
are expanded in a plane wave basis set with an energy cut-off of 260.0 eV and 
k-points sampling is carried out using the Monkhorst-Pack scheme. 
 
2.3. Reactions 
2.3.1  Photocatalytic reactions 
Fig 2.9 shows the setup to carry out the photocatalytic reactions. Experiments 
were carried out in a 250 ml cylindrical-shaped quartz reactor at room 
temperature. In order to mix the photocatalyst and the pollutant solution well, 
a magnetic stir bar was added to stir during the reaction. Cooling water was 
circulated through a cold finger positioned in the centre of the reactor to keep 
the solution at room temperature during illumination. A 22 W fluorescent lamp 
as the light source was placed beside the reactor. To remove any influence of 
the room light, the whole setup was covered with aluminum foil during the 
reaction. 
 
Figure 2.9 Setup of the photocatalytic reaction 
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A suspension of 0.10 g photocatalyst (for chapter 3-4 and chapter 6 or 0.02 
g photocatalyst for chapter 5) in 100 ml of an aqueous solution of 20 ppm 
Rhodamine B (or 24 mg/L p-cresol, 24 mg/L phenol, 24 mg/L 
4-tert-butylphenol, and 24 mg/L 4-chlorophenl) was magnetically stirred for 
1 h to establish an adsorption-desorption equilibrium. An aliquot was removed 
to determine the free RhB concentration in the solution before irradiation by a 
22 W fluorescent lamp was started. After specific time intervals, 2 ml aliquots 
were withdrawn and centrifuged at 6000 rpm for 5 min to remove the 
photocatalyst powder. The concentration of RhB was determined from the 
absorption band at λ= 554 nm using a UV-vis spectrophotometer (Shimadzu, 
UV-1601). The degradation efficiency was calculated using the following 
equation: 
DE = 100 % × (Co - C)/Co 
where Co is the concentration of RhB before irradiation but after the 
adsorption equilibrium and C is the RhB concentration at time t.  
 
2.3.2 Detection of •OH radicals 
The presence of •OH radicals was deduced by trapping with terepthalic 
acid. Terephthalic acid itself does not fluoresce, but upon reaction with •OH 
radicals, 2-hydroxyterephthalic acid is formed which has a broad emission 
band with maximum at 425 nm. About 0.1 g (for chapter 3-4 and 6 or 0.02 g 
for chapter 5) of the photocatalyst was added to a solution of terephthalic acid 
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(16.6 mg) in 200 ml dilute NaOH solution (2 × 10
-3
 M). The suspension was 
irradiated with the 22 W fluorescent lamp for 120 min. Aliquots were removed 
at 30 min interval, centrifuged to remove the catalyst and the fluorescent 
emission spectrum of the solution was measured using a Gilden 
FluoroSNS-fluorimeter. The excitation wavelength was set to 315 nm. 
 
2.3.3. Recycle of catalysts 
The recyclability of the catalysts was tested. After each run, the photocatalyst 
was filtered and calcined to remove the adsorbed organics. The heat treatment 
was 300 
o
C for 5 h, 12 h, and 2 h for Bi2O3/BiOCl, Bi2O3/BiOBr and BiOI 
pH6 350-3 respectively. 
For NaBiO3/BiOBr, after filtration, the catalyst was treated with O3 for 5 h to 
remove the adsorbed organics. 
 
2.3.4  Determination of the photon flux [17] 









+ 2 CO2 
Fe
III
 is reduced to Fe
II
 which is photometrically detected as its dark red complex 
with 1, 10-phenanthroline. (ε = 11,100 l·mol-1·cm-1 at λmax = 510 nm). The 
quantum yield for this reaction is given in the literature as 1.14 over a wide 
wavelength range.  
(1) A volume (V1) of 0.0060 M potassium ferric oxalate K3[Fe (C2O4)3] was put 
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into the quartz tube and irradiated by the lamp for 6 minutes exactly, using the 
same geometry as in the photocatalytic experiments. 
(2) An aliquot V2 (1 – 2 ml) of the solution above was pipetted into a 10 ml 
volumetric flask (V3), 2.4 ml 0.001 M 1,10-phenonthroline and 2 ml buffer (1M 
CH3COONa and 1 N H2SO4) were added, and the solution was then topped up 
to the mark with distilled water. The solution is allowed to stand for 1 h in the 
dark to develop the color. 
(3) A K3[Fe(C2O4)3] solution which had been subject to the same treatment but 
without any irradiation was used as the blank in the reference beam. 
(4) The absorbance is measured at 510 nm. 
The light intensity can be estimated by the formulae: 
   
 xl x V
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In this equation, ε2 is the absorption coefficient of the Fe
III
 oxalate solution, and 
d is the diameter of quartz reactor. φ
Fe
2+ is the quantum yield of the reaction (i.e., 
1.14). The equation assumes that the change in concentration of the 
Fe
III
-complex is relatively small over the duration of the experiment (t) so that 
the change in optical density of the solution over time can be neglected. 
 In order to ensure the reproducibility of the catalytic reaction, we 
measured the photon flux of the fluorescent lamp two times. The value of 
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photon flux is 3.27 ± 0.03 x 10
16
 photons/s. The irradiation from the lamp is 
relatively stable, which guarantees the reliability of catalytic reaction results. 
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Chapter 3. Enhanced Visible-Light-Driven Photocatalytic Degradation of 
Dyes over Heterojunctioned Bi2O3/BiOCl Composites 
 
3.1  Introduction 
Visible-light-driven photocatalysts have received considerable attention 
because visible light is much more abundant in the solar spectrum (ca. 42 %) 
than UV light [1-3]. Forming heterojunctioned composites is an effective way 
to develop visible-light-driven photocatalysts [4-8]. In a heterojunctioned 
photocatalyst, two semiconductors with different valence and conduction band 
energies are in contact. Such structures can absorb more visible light, and 
electron injection into the conduction band of the second semiconductor 
reduces the electron-hole recombination rate. This results in an increased 
quantum efficiency compared to a single phase material. 
Bismuth oxychloride has been first reported as a photocatalyst in 2006 [9]. 
It has a layered structure, with layers of [Bi2O2] interleaved by double layers 
of chloride atoms (Fig. 3.1). Each Bi atom is coordinated to four O atoms in 
one face and to four Cl atoms in the other to form a square antiprism. Each O 
atom is tetrahedrally coordinated to four Bi atoms. The Cl atom is coordinated 
to four Bi atoms in the layer above. In each unit cell, there are 2 oxygens, 2 Bi, 
and 2 Cl. Many synthetic methods have been reported which result in 
materials with different morphologies and properties. BiOCl plates were 
obtained by a hydrolysis method using Bi2O3 and HCl [9]. With the assistance 
78 
 
of polyvinylpyrrolidone (PVP), the nanoplates can easily aggregate and form 
3D hierarchical structures. If the surfactant bis(2-ethylhexyl) sulfosuccinate 
(AOT) with two hydrophobic chains was used instead of PVP, the final 
product consisted of square plates [10]. Wu successfully prepared BiOCl 
nanowire arrays by employing anodic aluminum oxide (AAO) as template for 
a sol-gel synthesis method [11]. However, the wide band gap (3.4 eV ≡ 365 
nm) of BiOCl limits its application to the UV region.  
 
Figure 3.1 Crystal structures of (a) BiOCl and (b) α-Bi2O3 
Meanwhile, α-Bi2O3 has a narrow band gap of 2.8 eV, and this material 
absorbs visible light. The monoclinic unit cell of α-Bi2O3 is shown in Fig. 3.1b. 
The structure consists of layers of bismuth ions, parallel to the [100] plane, 
separated by layers of oxide ions. There are two crystallographically different 
kinds of Bi atoms and three kinds of O atoms (indicated as Bi1 and Bi2, and 
O1, O2, O3). The unit cell contains 8 Bi atoms and 12 O atoms. However, the 
photocatalytic activity of α-Bi2O3 is low, because the direct band gap makes it 




BiOCl can be coupled with a second visible light active semiconductor to 
create heterojunction materials such as WO3/BiOCl [12], BiOCl/BiVO4 [13], 
and BiOCl/Bi2S3 [14]. Recently,  ee’s group reported heterojunctioned 
BiOCl/Bi2O3 as a novel visible light photocatalyst [15]. In the primary 
photoexcitation process, light is absorbed in the Bi2O3 phase, where for each 
absorbed photon, a hole is created in the valence band, and an electron is 
promoted into the conduction band. Since the VB of Bi2O3 is lower than that 
of BiOCl, electrons from the VB of BiOCl can transfer to the VB of Bi2O3 and 
recombine with the holes. Therefore, holes are generated in the VB of BiOCl 
under visible light irradiation and have sufficient lifetime to initiate 
photocatalytic oxidation reactions. The experimental results showed that 
heterojunctions of 85% BiOCl and 15% Bi2O3 showed the highest 
decomposition rates for isopropanol decomposition under visible light, which 
were 7.1 and 17.7 times higher than those of pure Bi2O3 or BiOCl, respectiviely. 
However, BiOCl/Bi2O3 composites seem to incur damage during 
photocatalytic reaction, and their photocatalytic efficiency decreased 
appreciably after repeated reaction [16].  
A large specific surface area supplies more active sites and therefore 
increases the number of substrate molecules that can be adsorbed on the 
surface of the catalyst [17]. Particle size directly impacts the specific surface 
area: smaller particles possess a higher surface area. Besides, a small size 
facilitates the transfer of the photogenerated electrons and holes to the 
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semiconductor surface, reducing the electron-hole recombination probability 
[18]. Therefore, in a certain range, small particles should increase the 
photocatalytic activity. In this chapter, we describe the synthesis of Bi2O3 with 
a relatively high surface area by a hydrothermal method, and the preparation 
of Bi2O3/BiOCl composites starting from this Bi2O3 following the method 
outlined in scheme 3.1. HCl was used to partially dissolve Bi2O3 and form 
BiOCl. Because of the density difference and with the help of sonication, the 
Bi2O3 should break down into smaller particles after the formation of BiOCl.  
 
Scheme 3.1 Schematic model of the formation of Bi2O3/BiOCl 
heterojunctions  
Dyes are important water pollutants, being resistant to biodegradation and 
direct photolysis. Upon natural reductive anaerobic degradation, many 
N-containing dyes such as Rhodamine B (RhB) (Fig. 3.2) yield potentially 
carcinogenic aromatic amines. Therefore, RhB was chosen as the model 








Figure 3.2 Structure of Rhodamine B 
3.2  Results and discussion 
3.2.1  Characterization of bismuth oxides 
After reflux for 24 h, a white precipitate was obtained in the synthesis of Bi2O3. 
The X-ray diffraction peaks of this white compound (Fig 3.3a) did not fit with 
any data reported in the JCPDS cards. However, we found that the X-ray 
diffraction pattern was quite similar to that of bismuth oxyhydrate, as reported 
by Sasson’s group [20]. Bound water molecules and/or OH-groups exist in the 
crystal lattice, which cause the differences in the diffraction pattern from that 
of bismuth oxide. There was little change in the XRD peaks (Fig 3.3b) upon 
calcining at 300 
o
C for 5 h, suggesting that this white compound was relative 
stable. Only after heating at 550
o
C for 5 h, the XRD pattern (Fig. 3.3c) 
changed to that of α-Bi2O3 (JCPDS No. 65-2366). TGA was measured to see 
the dehydration degree of the bismuth hydroxide. There was only a slight 
weight loss of 2 % below 300 
o
C, which was attributed to the moisture in the 
samples. The weight then dropped from 97.4 % to 90.6 % over the temperature 
range of 450 
o
C to 600 
o
C, which can be attributed to the loss of structural 
water. As confirmed from XRD result, the final product was Bi2O3 (MW 
82 
 
465.96). Therefore, the weight change amounts to 34.97 g for each formula unit 
Bi2O3. This corresponds to 1.94 mol of water per formula unit Bi2O3 in the 
bismuth hydroxide, which is closed to 2, thus the white precipitate can be 
treated as Bi2O(OH)4.  
 
Figure 3.3 X-ray diffraction patterns of (a) as-prepared white precipitate, (b) 
sample calcined at 300 
o
C for 5 h, (c) sample calcined at 550 
o
C for 5 h, and (d) 
JCPDS No. 65-2366 
     
Figure 3.4 TGA of bismuth hydroxide 





















































Scanning electron micrographs were taken to observe the morphology of 
the Bi2O3 sample. It consisted of plates with diameter of 700 - 2000 nm and 
thickness of 50 – 150 nm, many of which aggregated together. 
 
Figure 3.5 SEM images of Bi2O3  
 
3.2.2  Characterization of Bi2O3/BiOCl composites from different Bi2O3 
A series of Bi2O3/BiOCl samples with different Bi2O3: BiOCl ratio was 
prepared using this Bi2O3. The X-ray diffraction patterns of pure Bi2O3 and 
BiOCl agreed well with the patterns of α-Bi2O3 (JPCDS No.65-2366) and 
BiOCl (JPCDS No.06-0249), respectively. Both Bi2O3 and BiOCl peaks were 
found in the composites. No other phases were found in the Bi2O3/BiOCl 
composites, suggesting that there was no appreciable chemical reaction 
between BiOCl and Bi2O3. The wt% of Bi2O3 was calculated from XRD and 
shown in Fig 3.7. The Bi2O3 wt% in the Bi2O3/BiOCl composite can be well 
controlled by adjusting HCl amount, from 76 % to 33%. 
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Figure 3.6 X-ray diffraction patterns of (a) Bi2O3, (b) 76 % Bi2O3/BiOCl, (c) 
41 % Bi2O3/BiOCl, (d) 33 % Bi2O3/BiOCl, and (e) BiOCl. In the mixed phase, 
peaks belonging to Bi2O3 are marked with * and those of BiOCl with  
  
Figure 3.7 Change of weight percentage of BiOCl with the ratio of HCl: 
Bi2O3  
As seen from Fig 3.5, the Bi2O3 formed had a plate-like morphology. 
Once HCl was added to the Bi2O3 suspension, the transformation of Bi2O3 to 
BiOCl starts from the surface in a solid-liquid reaction. Since the newly 

























































































HCl: Bi2O3 ratio  (mol/mol)
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formed BiOCl (density 7.72 g/cm
3
) occupies a larger volume than the original 
Bi2O3 (9.32 g/cm
3
) due to their density difference, the initially formed layer 
will be under increasing compressive stress as it grows thicker. Together with 
the assistance of sonication, the BiOCl layer cracked, and the smooth surface 
of Bi2O3 became coarse as many nanoparticles were formed. BiOCl platelets 
arranged in whorls perpendicular to the surface of the Bi2O3 particles (Fig. 3.8 
b-d). The thickness of these platelets grew with higher BiOCl content (from 
15-20 nm to 40-50 nm). If excess HCl was added, the Bi2O3 was totally 
transformed into BiOCl, which formed 150 - 500 nm plate-like particles with a 
thickness of 70 – 100 nm. The surface areas of Bi2O3 and BiOCl are 4.08 and 
3.31 m
2
/g, respectively (Table 3.1). The surface areas of the Bi2O3/BiOCl 
composites were higher than those of the single components. The adsorption 
of RhB on the catalyst followed the same trend in terms of mg/g. However, the 
adsorption was increased after forming BiOCl, but it was not much different 
for Bi2O3/BiOCl composites and BiOCl when the data were normalized to the 
surface area, between 0.57 – 0.69 mg/m2. The foot print of a RhB molecule is 
~ 3 nm
2
, thus 0.27 mg RhB can be absorbed per m
2
 if the surface is fully 
covered with a single layer of RhB. The higher values indicate that the 
formation of BiOCl increased the adsorptivity of the catalyst, and the surface 
of the catalysts was covered by more than one monolayer of RhB, or the RhB 
attached with its narrow side to the surface. However, the adsorption of RhB 
was much smaller, only 0.02 mg/g due to physical absorption. On the contrary, 
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chemical absorption existed in for the Bi2O3/BiOCl and BiOCl composites 
through the interaction between –N-Et2+ and surface oxygen of BiOCl [21], 
which would assist the photocatalytic degradation by forming a concentrated 
RhB environment on the catalyst surface. 
 
Figure 3.8 SEM images of (a) BiOCl, (b) 76 % Bi2O3/BiOCl, (c) 41 % 
Bi2O3/BiOCl, and (d) 33 % Bi2O3/BiOCl  










Bi2O3 4.08 1.12 0.27 2.93 
76% Bi2O3/BiOCl 11.8 6.72 0.57 2.92/2.92 
41% Bi2O3/BiOCl 11.0 7.06 0.64 2.92/3.27 
33% Bi2O3/BiOCl 13.4 9.26 0.69 2.90/3.32 
BiOCl 3.31 2.12 0.64 3.40 





Fig 3.9 shows the HR-TEM image of the 33% Bi2O3/BiOCl composite. 
Two kinds of fringes were present. The interlayer distance of 0.74 nm 
corresponds to the (001) lattice plane of BiOCl, and that of 0.34 nm is 
consistent with the (120) plane of α-Bi2O3. This indicates that the synthesis 
method indeed leads to a Bi2O3/BiOCl heterojunction structure with a very 
narrow contact zone between BiOCl and Bi2O3 nanosize crystalline domains. 
 
 
Figure 3.9 TEM images of 33% Bi2O3/BiOCl 
 
3.2.3  Optical properties 
Applying the Materials Studio software, the electronic structure was calculated 
with Density Functional Theory using the CASTEP code. The lowest 
unoccupied states are found along the point B while the highest occupied state 
is also at the B point, showing the direct nature of the band gap in Bi2O3 (Fig. 
3.10c). The density of state calculations show that the top of the valence band 
of Bi2O3 has a dominant contribution from O 2p as well as contributions from 
6s and 6p orbitals of Bi (Fig. 3.10e). The conduction band is mainly composed 
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of Bi 6p orbitals with a small contribution from O 2p orbitals. The band gap of 
Bi2O3 was calculated as 2.220 eV, which is much smaller than the 
experimental value 2.93 eV. Meanwhile, the valence band of BiOCl consists 
primarily of Cl 3p, with a small fraction of O 2p and Bi 6p, while the 
conduction band is mostly formed by Bi 6p,with a small fraction of O 2p and 
Cl 3p (Fig. 3.10f). The calculated band gap (indirect) of BiOCl is higher at 
2.666 eV.  
Figure 3.10 Band gap structure and total (TDOS) and partical (PDOS) density 





































































































The UV-vis diffuse reflectance spectra were measured to study the optical 
properties of Bi2O3, BiOCl21 and their composites. The spectra are shown in 
Fig. 3.11. Bi2O3 absorbs visible light, with the edge at 450 nm and a long tail 
extending to 600 nm. This tail may be attributed to oxygen vacancies in the 
crystal structure of Bi2O3. BiOCl only absorbed light with wavelength shorter 
than 370 nm. As for the composite, the absorbance in the 370 - 450 nm range 
increased with the Bi2O3 wt% in the Bi2O3/BiOCl composites.  
Bi2O3 has a direct transition, and the graphical evaluation leads to a value 
of 2.93 eV for the band gap (Fig 2.6a), while BiOCl has an indirect transition 
band gap with a value of 3.40 eV (Fig 2.6b). Two band gaps were obtained for 
those composites, which were quite close to that of pure Bi2O3 and BiOCl. 
 



































3.2.4  Photocatalytic properties 
The light from the fluorescent lamp in this work was visible light (> 400 nm), 
as shown in Fig 3.32 (3.6 Appendix). RhB is a molecule with four N-ethyl 
groups and conjugated aromatic rings (chromophore structures). 
N-De-ethylation causes a blue shift of the absorbance maximum, which is 
initially at 554 nm. After full de-ethylation, the absorbance maximum was 
reported to be at 498 nm. As shown in Fig. 3.12, the maximum in absorbance 
in the UV-vis spectral of RhB shifted to lower wavelength as a function of 
reaction time under visible light irradiation over 33% Bi2O3/BiOCl, from 554 
nm to 488 nm after 40 min. Meanwhile, the absorbance at 554 nm decreased 
significantly with irradiation time. It suggested that N-deethylation and 
chromophore cleavage happened simultaneously upon irradiation.
 
 
Nearly no degradation occurred in the absence of the photocatalyst even 
after 60 min illumination with visible light. Since Bi2O3 has a direct transition 
band gap, the photogenerated electron-hole pairs recombine easily. Only 6.5% 
degradation of RhB was achieved within 40 min when using pure Bi2O3 as 
photocatalyst. As BiOCl can only absorb UV light, it should not be active 
under visible light. However, 52.3 % of RhB was degraded within 40 min 
when BiOCl was used as a photocatalyst. RhB, as a dye, can absorb visible 
light irradiation. Whereas BiOCl cannot be excited by visible light, electrons 
from the excited state of RhB can be injected into the BiOCl conduction band, 
which then react with surface-adsorbed O2 to yield superoxide radical anions 
91 
 
that oxidize the dye. This unexpected activity can thus be attributed to the 
effect of dye photo-sensitization. A significant increase of the degradation 
efficiency was found for the Bi2O3/BiOCl composites. The photodegradation 
activity increased with BiOCl loading. The best result was observed for 33 
wt. % Bi2O3 where 99.2 % of RhB was degraded within 40 min. The 
photocatalytic activity of a mechanically mixed Bi2O3/BiOCl with the same 
weight ratio as the 33% Bi2O3/BiOCl composite was tested to confirm the 
synergistic effect of the coupling between BiOCl and Bi2O3 phases. Indeed, 
the photocatalytic activity of the mixture was much lower than that of the 
heterojunctioned composite, and only 46 % degradation was obtained after 40 
min. The results suggest that the closely coupled heterojunction between 
Bi2O3 and BiOCl was very effective and helped the photogenerated electrons 
and holes to transfer between Bi2O3 and BiOCl.  
 
Figure 3.12 UV-vis spectral changes of RhB as a functionof reaction time 







































The degradation of RhB can be fitted with a first order rate equation:  
ktCC )/ln( 0  
where k is the rate constant. Plots of ln(Co/C) vs t were drawn to determine the 
rate constant k (Fig 3.14), and the results are listed in Table 3.2. The k value of 
33% Bi2O3/BiOCl is 3.6 times and 50 times higher than that of pure BiOCl 
and Bi2O3, respectively.  
For comparision, a series of Bi2O3/BiOCl composites starting from  
commercial Bi2O3 were also prepared using the same method (3.5 Appendix 
Table 3.4 & Fig 3.31). The commerical Bi2O3 consisted of irregular 
microsized particles and has a low surface area of only 2.30 m
2
/g. The 
resulting Bi2O3/BiOCl also possessed a lower surface area. Bi2O3/BiOCl 
prepared from our plate-like Bi2O3 showed nearly 2.5 times higher activity 
than the best catalyst prepared from this series. Degussa P25, a commerical 
TiO2, is recommended as benchmark for photocatalysis studies. The 33% 





Figure 3.13 Photocatalytic activities of Bi2O3/BiOCl composites 
 



























Table 3.2 Summary of the photocatalytic activities of Bi2O3, BiOCl, the 
Bi2O3/BiOCl composites and P25 
Sample k (min
-1
) Degradation Efficiency 
a
 (%) 
Bi2O3 0.0017 6.5 
76% Bi2O3/BiOCl 0.0253 60.3 
41% Bi2O3/BiOCl 0.0591 97.8 
33% Bi2O3/BiOCl 0.0854 99.2 
BiOCl 0.0239 52.3 
Mechanical Mixture 0.0165 46.0 
Bi2O3(c)/BiOCl
b
 0.0335 67.2 
P25 0.0046 17.2 
a
 Degradation efficiency after 40 min irradiation  
b 
Best Bi2O3/BiOCl photocatalyst using commercial Bi2O3 as source 
 
Usually, temperature has an influence on the activity of a heterogeneous 
catalyst. The photocatalytic reaction was conducted at 70 
o
C instead of 30 
o
C 
(Fig 3.16). A slightly higher activity (1.1 times) was observed. A similar 
observation was reported for the photocatalytic degradation of dichlorvos 
(2,2-dichlorovinyl dimethyl phosphate, an organophosphate insecticide) using 
TiO2 and ZnO [22]. It is probably due to the increasing collision frequency of 
molecules. This result shows that our Bi2O3/BiOCl composites can work with 




Figure 3.15 Photocatalytic activities of 33 % Bi2O3/BiOCl composites under 
different temperatures 
To confirm that the photocatalytic reaction is indeed heterogenously 
catalyzed, the filtrate was separated from the reaction mixture after 1 h 
irradiation. Concentrated Rh B (1.5 g/L) was added into the filtrate to make a 
20 ppm Rh B solution, which was irradiated with the same lamp for another 
1 h. There was nearly no change of the Rh B absorbance (Fig 3. 33), indicating 
that no reaction took place without the solid photocatalyst. Analysis of the 
solution by elemental analysis for Bi
3+
 showed that a negligible amount of the 
Bi in the catalyst (< 0.1 %) leached into the liquid.  
 
3.2.5  Thermal stability of Bi2O3/BiOCl composites 
To test for thermal stability and the effect of heat treatment on the 
photocatalytic performance, the as-prepared 33% Bi2O3/BiOCl was calcined at 
different temperatures from 200 
o
C to 600 
o




















C/min to the desired temperature and a cooling ramp of 10 
o
C/min to room 
temperature. The X-ray diffraction patterns showed that the crystal structures 
of Bi2O3 and BiOCl were retained after calcination up to 200 
o
C. The weight 
percentage of Bi2O3 was between 39 % - 40 % and did not change 
significantly. When the sample was heated at 300 
o
C, the peak intensity of 
Bi2O3 became noticeably smaller. On further heating to 400 
o
C, the Bi2O3 
peaks dispeared, and a broad peak at 2θ ~ 30.0o appeared. After heating to 500 
o
C and 600 
o
C, a new set of diffraction peaks appeared. The observed pattern 
agreed well with that of the known phase Bi24O31Cl10 (JCPDS No 03-0952), 
which can be formed from Bi2O3 and BiOCl: 7Bi2O3 + 10 BiOCl → 
Bi24O31Cl10 and also by the oxidation of BiOCl: 24BiOCl + 3.5O2 → 
Bi24O31Cl10 + 7Cl2.  
 Electron micrographs showed that the as-prepared 33 % Bi2O3/BiOCl 
sample consists of microsized particles with nanosized small particles at the 
surface. There was no obvious change in the morphology of the particles up to 
400 
o
C calcination. However, after heating at 500 
o
C, the nanoparticles on the 
surface fused. The surface of the microsized particles became smooth after 
heating to 600 
o
C. The surface area as measured by N2 adsorption changes in a 
way consistent with these observations: There was no big change in the 
surface area up to 400 
o
C, but an obvious decrease after calcination at 500
o
C. 
In the diffuse reflectance spectra, the characteristic absorption of Bi2O3 at 





suggesting the existence of a discrete Bi2O3 phase in those samples. The color 
of the samples changed from white to grey (Fig 3.19). After calcination at 400 
o
C, the characteristic absorption of Bi2O3 disappeared, and another absorption 
in the range of 400 nm appeared, probably due to Bi24O31Cl10. The sample 
became yellow in color. This absorption became more intense with further 
heating as the more Bi24O31Cl10 was formed.  
The photocatalytic activity of 33 % Bi2O3/BiOCl increased ~ 35 % by 
heating up to 300 
o
C. This improved photocatalytic efficiency indicates that 
the contact between Bi2O3 and BiOCl became tighter during this annealing 
process, thus reducing the recombination of photogenerated electron-hole 
pairs. However, heating to the higher temperatures of 500 
o
C and 600 
o
C 
resulted in a drastic drop in activity. At these temperatures, the Bi2O3 phase 
could no longer be detected by XRD. Instead, a uniform Bi24O31Cl10 phase 
was formed at the expense of Bi2O3 and BiOCl. The destruction of the 








Figure 3.17 SEM of 33% Bi2O3/BiOCl calcined at different temperature: (a) 
as prepared, (b) 200 
o
C, (c) 300 
o
C, (d) 400 
o
C, (e) 500 
o
C, and (f) 600 
o
C 




















































Figure 3.18 (a) UV-vis diffuse reflectance spectra and (b) picture of 33% 
Bi2O3/BiOCl calcined at different temperatures 















as prepared 9.92 40 9.54 0.0631 
200  10.3 39 8.06 0.0708 
300  13.4 33 9.26 0.0854 
400  10.8 0 7.08 0.0795 
500  4.76 0 3.78 0.0345 
































Figure 3.19 Photocatalytic activity of 33% Bi2O3/BiOCl calcined at different 
temperatures 
 

















































3.2.6  Recycle of the catalysts 
After the photocatalytic reaction, the catalyst was filtered, washed with water 
and acetone, and dried in an oven at 80
o
C. However, the activity was much 
lower than that of the fresh catalyst (Fig 3.21). There are two possible reasons 
for the decrease of the photocatalytic activity. One is that visible light 
irradiation causes some structure change of the catalyst, and the other is that 
there are some organic compounds adsorbed on the surface of the catalyst, 
which block the active sites. XRD results (Fig 3.22) showed that there was no 
change in the diffraction peaks, suggesting that the composite was stable 
during the reaction. This was also confirmed by the fact that there was no 
change in the activity if the photocatalyst had been irradiated in water under 
visible light for 12 h before using it in the reaction (Fig 3.23).  
 
















Recycle 300 ℃ 1h
Recycle 300 ℃ 2h




Figure 3.22 X-ray diffraction patterns of 33 % Bi2O3/BiOCl (a) before and (b) 
after reaction 
 
Figure 3.23 Photocatalytic activities of 33% Bi2O3/BiOCl with/without 
pre-irradiation  
TGA was done for both fresh and recycled catalyst. Before starting a run, 
the temperature was held at 100
o
C for 1 h to remove all physisorbed water. 
There was a measurably higher weight loss for the recycled catalyst (1 %) than 
for the fresh catalyst (0.7 %) in the range of 100 
o
C to 400 
o
C. It means that 
































there are about 3 mg organic compounds adsorbed on 1 g catalyst. The surface 
area of 33 % Bi2O3/BiOCl is 13.4 m
2
/g. If we assume that the density of an 
organic compound is 1 g/cm
3
, and that the organic compounds are adsorbed on 
the entire surface, then the thickness of the organic layer can be calculated as 
0.22 nm. (0.003 g ÷ 1 g/cm
3




 ÷ (13.4 m
2







 cm = 0.22 nm). Therefore, the amount of matter that was 
adsorbed on the used catalyst is sufficient to cover the whole surface with a 
monolayer, which might account for the significant reduction in photocatalytic 
activity. To remove the adsorbed organic compounds, the recycled catalyst was 
calcined in air at 300
o
C for 1 h. This treatment largely restored the activity 
(Fig 3.21). Thus, it is proved that adsorbed organic compounds were the main 
reason for the decreased activity of the used catalyst.  
In order to remove the organic compounds completely, the catalyst was 
calcined for 2 h. After this treatment, the catalyst completely regained its 
initial activity. The catalyst was recycled by the same method for more runs, 




Figure 3.24 TGA of fresh and recycled catalyst 
  
Figure 3.25 Activity of the 33% Bi2O3/BiOCl photocatalyst during subsequent 
runs (DE = % decomposition of RhB after 40 min irradiation) 
 
3.2.7  Active species studies 
In aqueous matrices, the generated electron-hole pair reaches the catalyst 
surface. Oxygen dissolved in water can act as electron acceptor and yield 
superoxide radical anions. H2O or OH
-


































Besides, the surface holes can react with adsorbed organics directly. Those 
active species are possibly involved in the photodegradation of RhB. To assess 
the importance of these species in the decomposition process, we added 
different radical scavengers and purged with N2 to remove oxygen from the 
solution.  
The presence of •OH radicals can be detected by its reaction with 
terephthalic acid to produce the 2-hydroxyterephthalic acid which fluoresces 
at 425 nm [23]. Before any visible light irradiation, no fluorescence was 
observed. After irradiation, the peak due to the fluorescence of 
2-hydroxyterephthalic acid can be seen, indicating the •OH radical was indeed 
formed. The fluorescence intensity at 425 nm increased linearly with the 
illumination time, indicating that •OH radical was formed gradually with 
illumination time.  
 























































Dissolved oxygen is a main source of oxygen to form superoxide radicals 
during the reaction. In order to investigate the role of the superoxide radical, 
we purged with N2 before and during the reaction to remove any dissolved 
oxygen. As seen from Fig 3.27, the degradation efficiency of RhB was 
reduced, showing that dissolved oxygen is essential for RhB degradation. An 
enhanced photocatalytic activity was observed by O2 bubbling. Dissolved 
oxygen can react with photogenerated electrons to form the superoxide radical, 
which can then degrade RhB. This formation of the superoxide radical also 
reduced the recombination of photogenerated electron-hole pairs. 
  
Figure 3.27 Photocatalytic degradation of RhB under different atmosphere in 
the presence of 33 % Bi2O3/BiOCl  
EDTA is an effective hole scavenger [24]. It was added to the 
photoreaction system to investigate the role of holes. The pH at the point of 
zero charge for the 33% Bi2O3/BiOCl was 6.5 (Fig 3.28). When placed in 



















pH > 6.5, the surface will be negatively charged. However, the pH of RhB 
solution is about pH 5 so that under reaction conditions, the surface of 
Bi2O3/BiOCl would be positively charged. As EDTA has 4 carboxylic acid 
groups as compared to only one for RhB, it will be preferentially adsorbed at 
the surface of Bi2O3/BiOCl, thus preventing the degradation of RhB by the 
holes. The results showed that the degradation of RhB was inhibited by the 
addition of EDTA. Hence, •OH, •O2
-
 and holes are active species in the 
photodegradation of RhB. 
 
Figure 3.28 The pH value of 0.1 M NaCl solution before and after addition of  
33% Bi2O3/BiOCl heterojunction 
Further tests were conducted to see the effect of those active species. 
There are 4.2 μmol Rhodamine B in the degradation system, so equal amounts 
(4.2 μmol) and a large excess (21 μmol) of active species scavengers were 
added. tert-Butanol, a well-known •OH scavenger, was added into the 



















μmol of tert-butanol, the rate of RhB degradation was reduced by about 38 % 
and the rate constant decreased from 0.0854 to 0.0526 min
-1
. However, the 
reaction was not stopped but only decreased slightly (k = 0.0497 min
-1
) when 
a larger amount (21 μmol) of tert-butanol was added. This suggests that •OH 
radical plays a role in the photoactivity, but only minor one, not the major one. 
Potassium bromate is a strong oxidant and an effective electron acceptor, 
replacing oxygen [26] and accept the photogenerated electrons following the 







 → BrO2• + H2O. 
BrO3
-






, HOBr] → Br- + 3H2O. 
Its addition to the reaction system should suppress the production of •O2
-
 
radical and accelerate the separation of electron-hole pairs in the photocatalyst. 
The addition of 4.2 μmol of KBrO3 led to a slight decrease in the rate constant 
(k = 0.0834 min
-1
). However, adding 21 μmol KBrO3 did not lead to more 
decrease, but rather a large increase in the rate constant (k =0.1573 min
-1
). 
This oxidant has been proven to be an effective electron acceptor replacing 
oxygen, thus it suppresses the production of superoxide radicals and accelerates 
the separation of electron-hole pairs in the photocatalyst. Therefore, adding a 
large amount of KBrO3 increased the electron-hole separation efficiency, 
resulting in the observed increased reaction rate. To further confirm this 
assumption, KBrO3 was added to the reaction under N2 purging. The reaction 
rate constant increased from 0.0199 min
-1
 to 0.0265 min
-1





confirming that KBrO3 can increase the reaction greatly due to the increase of 
electron-hole separation. It can be concluded that oxygen acts as an effective 
electron acceptor, and superoxide radical is indeed an active species in the RhB 
photodegradation process over the heterojunctioned catalyst.  
In contrast, the addition of EDTA led to the most pronounced reduction in 
the rate of reaction. The rate constants fell to 0.0854 min
-1
 and 0.0001 min
-1
 
for 4.2 and 21 mmol EDTA, respectively. In the presence of large amounts of 
EDTA (21 mmol), RhB adsorption at 33% Bi2O3/BiOCl was reduced from 
9.06 to 0.32 mg/g, resulting in only 1.0 % RhB degradation after 60 min. 
These results show that the adsorption of RhB at the catalyst surface is critical, 
and direct oxidation of the molecule by holes is the main degradation pathway.  
 
Figure 3.29 Effect of the scavengers on the RhB degradation rate in the 
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3.2.8  Band gap structures and possible degradation mechanism 
The position of the CB and VB edge for Bi2O3 and BiOCl photocatalysts 
calculated using atom’s Mulliken electronegativitiy definition (Chapter 1) are 
shown in Table 3.5 (3.5 Appendix). According to this calculation, Bi2O3/BiOCl 
is an A-type heterojunction. However, Chai and coworkers [15] found it to be 
a B-type heterojunction. Based on the observations reported in this chapter, 
holes are the main active species and Bi2O3/BiOCl with high BiOCl wt% gave 
the highest activity. We conclude it is indeed a B-type heterojunction to 
reasonably explain the mechanism of the enhanced activity of this 
Bi2O3/BiOCl composite.  
Based on the experimental values of Eg, only Bi2O3 can be excited when a 
beam of visible light comes in. Photogenerated electrons are formed in the CB 
of Bi2O3, while holes are formed in its VB. As the VB of BiOCl is more 
negative than that of Bi2O3, electrons will jump from the (full) VB of BiOCl 
into the partially empty VB of Bi2O3, resulting in holes formed in the VB of 
BiOCl. These holes have powerful oxidizing ability, and are the main active 
species in the degradation of RhB. They can oxidize RhB directly. Therefore, 
the composite with high BiOCl showed the highest activity. Since •OH 
radicals are also found to be an active species in the degradation, we deduce 
that H2O or OH
-
 can be oxidized by holes to form •OH radicals. Besides, 
photogenerated electrons in the CB of Bi2O3 can react with O2 to form 
superoxide radicals. Both •OH radicals and superoxide radicals participate in 
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the degradation of RhB. 
There are two advantages in forming these heterojunctioned composites 
between Bi2O3 and BiOCl. Firstly, it extends the usage of BiOCl to the visible 
region by using Bi2O3 as a visible light sensitizer. Secondly, it reduces the 
recombination rate of photogenerated electrons and holes by forming tightly 
contacted heterojunctioned composites, while Bi2O3 has a high recombination 
rate because of its direct band gap.  
 
Figure 3.30 Schematic diagram for the band gap structure and flow of 
electrons in the Bi2O3/BiOCl heterojunction during visible light irradiation 
 
3.3  Conclusion 
In this chapter, we describe the synthesis of Bi2O3/BiOCl composites from 
high surface Bi2O3 nanorods. Compared to pure Bi2O3 and BiOCl, these 
composites showed enhanced surface area as well as photocatalytic activity for 
the degradation of RhB under visible light. A 33 % Bi2O3/BiOCl composite 
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had the highest photocatalytic activity with 45.5 % degradation of RhB within 
10 min and full degradation after only 40 min. Compared to a previously 
reported BiOCl/Bi2O3 heterojunction, our material showed three times higher 
activity. The excellent activity under visible light was attributed to the efficient 
separation of photogenerated charge carriers through the intimately contacted 
interfaces between Bi2O3 and BiOCl. The Bi2O3/BiOCl composite showed 
good stability and durability, maintaining most of its activity even after four 
runs. A mechanistic study showed that superoxide radicals, hydroxyl radicals 
and holes are possible active species, with holes being the dominant species 
for the degradation of RhB.  
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Table 3.4 Properties of Bi2O3 (c), BiOCl, and Bi2O3 (c)/BiOCl 










Bi2O3 (c) 0 2.28 1.22 0.0007 
Bi2O3(c)/BiOCl a 0.5 4.60 2.50 0.0071 
Bi2O3(c)/BiOCl b 1.0 5.65 3.34 0.0142 
Bi2O3(c)/BiOCl c 1.5 6.82 5.48 0.0335 
Bi2O3(c)/BiOCl d 1.8 7.96 5.14 0.0280 




Table 3.5 Values used for the CB and VB calculations of Bi2O3 and BiOCl 
Compound X (eV) Eg (eV) EVB (eV) ECB (eV) 
Bi2O3 5.92 2.92 2.88 -0.04 
BiOCl 6.36 3.46 3.59 0.13 
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Chapter 4. A Novel Bi2O3/BiOBr Heterojunction with Highly Enhanced 
Visible-Light-Driven Photocatalytic Properties 
 
4.1  Introduction 
4.1.1  Heterojunctioned photocatalysts 
Electron-hole pair recombination is the main mechanism by which 
photocatalytic activity is lost. Forming heterojunctions between different 
compounds offers a means to counteract this as the photoinduced electron-hole 
pairs can be effectively separated at the interface of the two semiconductors. 
Many heterojunctions involving bismuth compounds have been reported in 
recent years, e.g.,BiOCl/BiOI [1-3], BiOBr/BiOI [4,5], BiOCl/BiOBr [6,7], 
NaBiO3/BiOCl [8], Bi2O3/Bi2WO6 [9-11], Bi2O3/BiVO4 [12].  asson’s group 
reported that BiOCl-bismuth oxyhydrate [13] and BiOBr-bismuth oxyhydrate 
[14] can degrade Rhodamine B and acetophenone and oxidize potassium 
iodide in water under visible light irradiation. Compared to Degussa P25 
titania, BiOCl-bismuth oxyhydrate and BiOBr-bismuth oxyhydrate 
demonstrated 5 times and 10.7 times higher activity in removing aqueous RhB 
under visible light. The bismuth oxyhydrate works as sensitizer to absorb 
visible light, while BiOX works as the main photocatalyst despite its band gap 
in the uv range. The best photocatalyst was 0.8 BiOCl-0.2 bismuth oxyhydrate 
with BiOCl as the main component. In contrast, BiOI−bismuth oxyhydrate 
heterojunctions had lower photocatalytic activity which the authors attribute to 
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a higher recombination of photogenerated holes and electrons than in the 
component oxides. However, Li et al [15] etched Bi2O3 with hydriodic acid 
and reported that the BiOI/Bi2O3 heterostructures showed excellent 
photocatalytic activities for the degradation of phenol and 4-chlorophenol. 
Heterojunctioned BiOCl/Bi2O3 was found to be an efficient visible light 
photocatalyst in evolving CO2 from gaseous 2-propanol, and removing 
aqueous 1, 4-terephthalic acid [16]. Mechanistic studies showed that 
BiOCl/Bi2O3 is a B-type heterojunction where BiOCl, working as main 
photocatalyst, is located at the outer surface with the underlying Bi2O3 as a 
sensitizer of visible light. These studies motivated us to investigate the 
photocatalytic activity of the Bi2O3/BiOBr system. 
 
4.1.2  Band gap structures of Bi2O3/BiOBr system 
The crystal structure of α-Bi2O3 is shown in Fig. 4.1a. The structure consists 
of layers of bismuth ions, parallel to the [100] plane of the monoclinic unit cell, 
separated by layers of oxide ions. There are two kinds of Bi atoms and three 
kinds of O atoms. The electronic structure was calculated by Density 
Functional Theory using CASTEP code as available with the Materials Studio 
software. The lowest unoccupied states are found along the point Z while the 
highest occupied state is also at the Z point, indicating a direct nature of the 
band gap in Bi2O3 (Fig. 4.1c). The top of the valence band of Bi2O3 shows a 
dominant contribution from O 2p as well as contributions from 6s and 6p 
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orbitals of Bi (Fig. 4.1e). The conduction band is mainly composed of Bi 6p 
orbitals with a small contribution from O 2p orbitals. The band gap of Bi2O3 
was calculated to be 2.220 eV, which is much smaller than the experimental 
value 2.92 eV. In contrast, bismuth oxybromide crystallizes in the matlockite 
structure with layers of Bi2O2 interleaved by double layers of bromine atoms 
(Fig. 4.1b). Each Bi atom is coordinated to four O atoms in one face and to 
four Br atoms in the other to form a square antiprism. The O atoms are 
tetrahedrally coordinated to four Bi atoms. The Br atom is coordinated to four 
Bi atoms in the layer above. The valence band mainly consists of Br 4p, with a 
small fraction of O 2p and Bi 6p while the conduction band is mostly formed 
by Bi 6p,with a small fraction of O 2p and Br 4p (Fig. 4.1f). The calculated 
band gap (indirect) of BiOBr is slightly higher at 2.407 eV, but the 
experimental value is slightly lower, i.e. 2.82 eV. As the valence band of 
Bi2O3 is mainly due to O 2p, whereas the valence band of BiOBr is mainly 
generated from Br 4p, the valence band level of Bi2O3 is expected to be higher 




                
 
    




     
Figure 4.1 Crystal structure, band gap structure and total and partical density 
of state of Bi2O3 (a, c, e) and BiOBr (b, d, f) 
The relative position of valence band and conduction band is of great 
importance, and can predict the photocatalytic efficiency of a heterojunctioned 
composite to some extent. Therefore, in order to predict whether positive 
effect happens when Bi2O3 and BiOBr are combined together, the band edge 







































































































































Mulliken electronegativity definition. According to this empirical expression, 
the calculated CB and VB edge position for Bi2O3 and BiOBr photocatalysts 
are calculated (Table 4.4 in 4.4 Appendix) and shown in Fig 4.2. In this 
present system, the CB of Bi2O3 is more negative than that of BiOBr, thus 
allowed the electrons from Bi2O3 to easily transfer to BiOBr. In addition, the 
VB of Bi2O3 is also negative than that of BiOBr, therefore holes formed in the 
VB of BiOBr can be transferred to the VB of Bi2O3. In such a way, 
photoinduced electron-hole pairs could be effectively separated at the interface 
of the two semiconductors, resulting more efficient photocatalytic activities. 
Besides, composites with BiOBr as the main component should be more active 
as the valence band of BiOBr is more positive and has stronger oxidation 
ability. Organic pollutants can be oxidized by the holes on BiOBr, or by the 
generated •O2
-
 radicals. Such a Bi2O3/BiOBr heterojunctioned composite is a 
visible-light active photocatalyst in theory, and therefore we carried out series 
experiments to synthesize it and to prove this prediction. 
 




4.2  Results and Discussion 
4.2.1  Characterization 
The powder x-ray diffraction patterns of pure Bi2O3 and BiOBr agree well 
with the reported spectra of monoclinic α-Bi2O3 (JPCDS No.65-2366) and 
tetragonal BiOBr (JPCDS No.73-2061), respectively (Fig. 4.3). For the 
Bi2O3/BiOBr heterojunctions, all reflections can be assigned to Bi2O3 and 
BiOBr, and no other phases were present. The weight percentage of Bi2O3 in 
the sample was calculated based on the integrated areas of the two phases: 
(120) reflex at 2θ ~ 27.4o for Bi2O3 and the (102) reflex at 31.7
o
 for BiOBr. 
With increasing amounts of added HBr, the wt. % BiOBr increased from 12% 
to 85%.   
 
Figure 4.3 XRD patterns of (a) Bi2O3 (*), (b) 88% Bi2O3/BiOBr, (c) 43% 
Bi2O3/BiOBr, (d) 15% Bi2O3/BiOBr, and (e) BiOBr () 
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Figure 4.4 Bi2O3 weight percentage change with the ratio of HBr: Bi2O3 
The surface area of Bi2O3 and BiOBr are 2.30 and 0.67 m
2
/g, respectively 
(Table 4.1). The samples show low porosity. The surface areas of Bi2O3/BiOBr 
composites are higher and increased with BiOBr content. From the scanning 
electron micrographs, it can be seen that pure Bi2O3 is composed of irregular 
micro-sized particles (Fig 4.5a). In contrast, BiOBr has a lamellar structure 
and forms plate-like particles with dimensions of 0.5 - 3 µm and 150 – 500 nm 
thickness (Fig. 4.5e). The addition of HBr led to the formation of densely 
packed BiOBr platelets orientated in whorls perpendicular to the surface of the 
Bi2O3 particles. The thickness of these platelets grew with higher BiOBr 
content (from 15 - 20 nm to 60 - 100 nm).The resulting corrugation leads to a 
higher surface area. Furthermore, the difference in the density of Bi2O3 (8.90 
g/cm
3
) and BiOBr (6.70 g/cm
3
) means that the newly formed BiOBr occupies 
a larger volume than the Bi2O3 particles, which also contributes to an 




























HBr: Bi2O3 ratio (mol/mol)
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Table 4.1 Physical properties of Bi2O3, BiOBr, Bi2O3/BiOBr heterojunctions 
Sample ABET (m
2







Bi2O3 2.28 2.92 1.22 0.53 
88% Bi2O3/BiOBr 3.00 3.22/2.80 3.02 1.01 
43% Bi2O3/BiOBr 4.81 3.10/2.76 6.72 1.40 
15% Bi2O3/BiOBr 7.99 3.10/2.76 7.46 0.93 
BiOBr 0.67 2.82 1.18 1.76 
85/15 BiOCl/Bi2O3
a
 6.85 2.92/3.40 3.26 0.48 
P25 48.8 3.37 0.02 0.0004 
 
a 






Figure 4.5 SEM image of (a) pure Bi2O3, (b) 88% Bi2O3/BiOBr, (c) 43% 
Bi2O3/BiOBr, (d) 15% Bi2O3/BiOBr and (e) BiOBr 
The HRTEM of 15% Bi2O3/BiOBr shows two different lattice fringes. 
The lattice spacing of 0.28 nm corresponds to the (110) lattice plane of the 
tetragonal BiOBr and is found on the majority of the particle while the other at 
0.33 nm can be assigned to the (120) lattice plane of Bi2O3. The latter only 
covers parts of the particle. These observations indicate that Bi2O3 and BiOBr 







Figure 4.6 HRTEM image of 15% Bi2O3/BiOBr 
From the plot of final pH versus initial pH in NaCl, the point-of-zero 
charge for 15 % Bi2O3/BiOBr was determined to be 6.1 (Fig. 4.7). When 
placed in solutions with pH < 6.1, the surface of the composite will be positive 
while at pH > 6.1, the surface will be negatively charged. 
 
Figure 4.7 The pH value of 0.1 M NaCl solution before and after addition of 



















4.2.2  Optical properties 
Fig 4.8 shows the UV-vis diffuse reflectance spectra of Bi2O3, BiOBr and their 
heterojunctions. The values of the band gap energy for Bi2O3 and BiOBr are 
calculated to be 2.92 eV and 2.82 eV, respectively (Table 4.1). Despite a 
higher band gap, Bi2O3 shows a higher absorbance in the visible region of 400 
– 500 nm than BiOBr due to the direct excitation of electrons (Fig. 4.9). The 
Bi2O3/BiOBr composites have dual band gaps that are between 2.82 and 2.92 
eV, showing the intimate mixing of the phases. The absorbance between 400 – 
500 nm increased with Bi2O3 loading. 
 
































Figure 4.9 Diffuse reflectance spectra of pure Bi2O3 and BiOBr and deduction 
of their band gap 
 
4.2.3  Photocatalytic properties 
Fig. 4.10 shows the UV-vis spectral changes of RhB as a function of reaction 
time under visible light irradiation over 15 % Bi2O3/BiOBr. Initially, the 
maximum in absorbance was observed at 554 nm. With progress of 
degradation, the absorbance decreased, accompanied by a shift of the 
maximum to shorter wavelengths. The decrease in absorbance is due to 
degradation of the dye while the blue shift in wavelength has been attributed 
to de-ethylation of the N-ethyl groups in RhB [18]. Upon full de-ethylation, 
the absorbance maximum was reported to be at 498 nm. The total organic 
carbon test showed that there was 68 % of organic carbon left after 1 h 
irradiation. Longer irradiation further decreased the TOC in the solution, i.e. to 









































Figure 4.10 UV-vis spectral changes of RhB as a function of reaction time 
under visible light irradiation (Inset: Wavelength shift as a function of time) 
In the absence of the photocatalyst, no degradation occurred even after 60 
min illumination with visible light. Pure Bi2O3 is not an effective photocatalyst 
for the degradation of RhB with only 2.3 % conversion within 60 min. The 
low photocatalytic activity may be attributed to the facile recombination of 
photogenerated electrons and holes as Bi2O3 is a direct transition 
semiconductor. In contrast, pure BiOBr is an indirect transition semiconductor 
and shows a much higher photocatalytic activity with 59 % of RhB being 
degraded within 60 min. Nevertheless, a significant increase of the 
degradation efficiency was found for the Bi2O3/BiOBr composites. The 
photodegradation activity increased with BiOBr loading. The best result was 
observed for 15 wt. % Bi2O3 where 57.4 % of RhB was degraded within 10 





































and Bi2O3 phases, the photocatalytic activity of 15% Bi2O3/BiOBr 
heterojunction was compared with a mechanically mixed Bi2O3/BiOBr in the 
same weight ratio. The photocatalytic activity of this mechanical mixture was 
much lower than that of the heterojunction as only 42.4 % degradation was 
obtained after 60 min. This results show that the closely coupled 
heterojunction between Bi2O3 and BiOBr are required for the high activity, 
and lends support to the postulate that the heterojunction serves to reduce 
recombination between the photogenerated electrons and holes. In contrast, 
the mechanical mixture of BiOBr and Bi2O3 has only loosely contacting 
interfaces that are not effective in reducing the recombination of electron-hole 
pairs.   
The degradation of RhB can be fitted with a first order rate equation:  
ktCC )/ln( 0  
where k is the rate constant. Plots of ln(Co/C) vs t were drawn to determine the 
rate constant k (Fig 4.21), and the results were listed in Table 4.2. The k value 
measured for 15% Bi2O3/BiOBr is 9.2 times and 290 times higher than that for 
pure BiOBr and Bi2O3, respectively. This is further proved that the 
combination of Bi2O3 and BiOBr effectively improves the photocatalytic 
performance. 
BiOCl/Bi2O3 has been reported to show good photodegradative activity 
[16]. A sample of BiOCl/Bi2O3 in the ratio of 85:15 wt. % was synthesized 
following the reported procedure and tested. However, its activity is 3.5 times 
131 
 
lower than Bi2O3/BiOBr. This could be due to the wider band gap for BiOCl, 
Eg 3.4 eV, so that excitation under visible light is restricted to only Bi2O3. In 
Bi2O3/BiOBr, both compounds have a narrow band gap, and therefore can be 
excited under visible light irradiation. 
Table 4.2 Photocatalytic activity summary of Bi2O3, BiOBr, Bi2O3/BiOBr 
composites, BiOCl/Bi2O3 and P25 
Sample k (min
-1
) Degradation Efficiency 
a
 (%) 
Bi2O3 0.0004 0.2 
88% Bi2O3/BiOBr 0.0156 18.5 
43% Bi2O3/BiOBr 0.0533 30.4 
15% Bi2O3/BiOBr 0.1161 57.4 
BiOBr 0.0126 8.7 
85/15 BiOCl/Bi2O3 0.0335 16.9 
P25 0.0046 4.0 
a





Figure 4.11 Photocatalytic degradation of RhB (20ppm) in the presence of no 
catalyst, pure Bi2O3, BiOBr, Bi2O3/BiOBr heterojunctions and a mechanical 
mixture of 15 wt% Bi2O3/BiOBr under visible light irradiation (λ>400 nm) 
 
Figure 4.12 Kinetic plots of pure Bi2O3, BiOBr, Bi2O3/BiOBr heterojunctions 
in photocatalytic degradation of RhB 
To verify that the photocatalytic reaction is a heterogeneous catalyzed 
reaction, the filtrate was separated from reaction mixture after 1 h irradiation. 
Concentrated RhB (1.5 g/L) was added into the filtrate to make a 20 ppm RhB 



















































nearly no change of the RhB absorbance (Fig 4. 23), indicating that no 
reaction carried out without the solid photocatalyst. Besides, a leaching test by 
elemental analysis for Bi
3+
 in the filtrate showed that a negligible amount of 
Bi (only 0.1 %) in the catalyst leached into the liquid.  
 
4.2.4  Thermal stability of Bi2O3/BiOBr heterojunctions 
The as-prepared 15% Bi2O3/BiOBr was calcined at different temperatures 
from 200 
o
C to 600 
o
C for 1 h to test its thermal stability and the effect on its 
photocatalytic performance. The XRD results show that the crystal structures 
of Bi2O3 and BiOBr were retained after calcination up to 300 
o
C. The weight 
percentage of Bi2O3 was between 14.3% - 18.1% and did not change 
significantly. When the sample was heated to 400 
o
C, the Bi2O3 peaks 
decreased greatly, and a broad peak at 2θ ~ 29.4o appeared. Further heating to 
500 
o
C and 600 
o
C led to a decrease in the intensity of the Bi2O3 peaks while 
the peak at 29.4
o
 grew together with the appearance of other peaks. These 
peaks are assigned to the Bi24O31Br10 phase (JCPDS No 03-0564) which can 
be formed from Bi2O3 and BiOBr: 7Bi2O3 + 10 BiOBr → Bi24O31Br10 and also 
from the oxidation of BiOBr: 24BiOBr + 3.5O2 → Bi24O31Br10 + 7Br2. This 
layered phase was also observed when a BiOBr-bismuth oxyhydrate 
composite was heated to 600 
o




Figure 4.13 XRD patterns of Bi2O3/BiOBr calcined at different temperatures: 
(a) as prepared, (b) 200 
o
C, (c) 300 
o
C, (d) 400 
o
C, (e) 500 
o
C, and (f) 600 
o
C 
 The 15 % Bi2O3/BiOBr sample consists of microsized particles with 
nanosized small plates at the surface. Despite calcination up to 400 
o
C, there 
was no obvious change in the morphology of the particles. However, after 
heating at 500 
o
C, fused platelets could be observed. With higher temperatures, 
the microsized particles disintegrated, forming unaggregated platelets. The 
surface area paralleled the change in morphology. The surface area was rather 
constant up to 400 
o
C and decreased after calcination at 500
o
C. From the 
UV-vis diffuse reflectance measurements, the absorption in the range of 470 – 
800 nm increased with calcination temperature up to a maximum at 300 
o
C, 
suggesting the formation of defects such as oxygen vacancies. Consequently, 
the color of the samples changed from light yellow, to grey and brown (Fig 
4.15). However, after calcination at 400 
o
C, the sample became bright yellow 
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with the appearance of Bi24O31Br10. The brightness of the color decreased with 
further heating as more Bi24O31Br10 was formed. 
  
 
Figure 4.14 SEM of 15 % Bi2O3/BiOBr calcined at different temperatures: (a) 
as prepared, (b) 200 
o
C, (c) 300 
o
C, (d) 400 
o
C, (e) 500 
o
C, and (f) 600 
o
C 
The photocatalytic activity of 15 % Bi2O3/BiOBr did not change 
significantly with calcination up to 400 
o











Bi2O3 phase could no longer be detected by XRD. Instead, Bi24O31Br10 was 
formed at the expense of Bi2O3 and BiOBr. The destruction of the 
Bi2O3/BiOBr heterojunction leads to the poor photocatalytic activity.  


















as prepared 7.99  15.0 7.5 0.1161  
200  7.89  14.3 7.9 0.0895  
300  7.60  18.1 6.9 0.0881 
400  8.41  8.0 5.1 0.0765 
500  5.71  0 4.1 0.0708 
600  2.20  0 2.0 0.0081 
 
 
Figure 4.15 (a) UV-vis diffuse reflectance spectra and (b) picture of 































Figure 4.16 Photocatalytic degradation of RhB (20ppm) in the presence of 
Bi2O3/BiOBr heterojunctions calcined at different temperature under visible 
light irradiation (λ>400 nm) 
 
Figure 4.17 Kinetic plots of Bi2O3/BiOBr heterojunctions calcined at different 
temperature in photocatalytic degradation of RhB 
 
4.2.5  Activities under sunlight 
The ultimate aim of developing visible-light-driven photocatalysts is to utilize 










































Bi2O3/BiOBr photocatalyst under normal (unconcentrated) sunlight for the 
degradation of Rhodamine B, using the commercially available TiO2, P25 as a 
benchmark. The 15 % Bi2O3/BiOBr heterojunctioned composite showed 
excellent photocatalytic activity under these conditions, with the degradation 
efficiency reaching 98% within 40 min. The rate constant for the composite 
catalyst, k, 0.0982 min
-1





Figure 4.18 Photocatalytic degradation of RhB (20ppm) in the presence of 15 % 
Bi2O3/BiOBr heterojunction and P25 under sunlight 
 
4.2.6  Recycle of catalysts 
The x-ray diffractogram of the 15 % Bi2O3/BiOBr after the photocatalytic 
reaction was similar to that of the fresh catalyst, suggesting its robustness to 
photocorrosion. The re-use of the catalyst was tested under the same condition 
by using the recycled photocatalyst heated at 300 
o
C for 12 h to remove the 
adsorbed organics (Fig. 4.19). There was almost no decrease of the 
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degradation efficiency even after four runs, suggesting that this Bi2O3/BiOBr 
showed good stability. 
 Figure 4.19 XRD patterns of 15 % Bi2O3/BiOBr before and after the 
photocatalytic reaction 
 




























4.2.7  Active species studies 
The active species in the photodegradation of RhB can be •OH, •O2
-
 and/or 
holes. In order to gain some insight into the mechanism, radical scavengers 
and N2 purging were used. The presence of •OH radicals can be detected by its 
reaction with terephthalic acid to produce the 2-hydroxyterephthalic acid 
which fluoresces at 425 nm [19]. Before any visible light irradiation, no 
fluorescence was observed (Fig 4.24 in 4.5 Appendix). After irradiation, the 
peak due to the fluorescence of 2-hydroxyterephthalic acid appeared, 
indicating the •OH radical was indeed formed. The fluorescence intensity at 
425 nm increased with the illumination time, as more •OH radical was formed.  
To investigate the role of the superoxide •O2
-
 radical, the solution was 
purged with N2 to remove any dissolved oxygen. As seen from Fig. 4.21, the 
degradation efficiency of RhB was reduced, showing that dissolved oxygen is 
important for RhB degradation. Dissolved oxygen reacts with photoinduced 
electrons to form the superoxide radical, which can then degrade RhB. The 
formation of the superoxide radical competes with the recombination of 
photogenerated electron-hole pairs, so that a high O2 concentration in the 
solution and therefore also at the surface of the photocatalyst will trap 




Figure 4.21 Photocatalytic degradation of RhB under different atmosphere in 
the presence of 15 % Bi2O3/BiOBr 
To investigate the role of holes, an effective hole scavenger, EDTA [20], 
was added to the photoreaction system. The pH at the point of zero charge for 
the 15 % Bi2O3/BiOBr was 6.1 (Fig 4.7). However, the pH of RhB solution is 
about pH 5 so that under reaction conditions, the surface of Bi2O3/BiOBr 
would be positively charged. As EDTA has 4 carboxylic acid groups as 
compared to only one for RhB, it would be preferentially adsorbed at the 
surface of Bi2O3/BiOBr, thus preventing the degradation of RhB by the holes. 
The results show that the degradation of RhB was inhibited by the addition of 
EDTA. Hence, •OH, •O2
-
 and holes are active species in the photodegradation 
of RhB. 
To assess their contribution to photoactivity, further tests were conducted. 
tert-Butanol is a well-known scavenger for the •OH radical [21]. After adding 
4.2 μmol of tert-butanol, the rate of RhB degradation was reduced by about 
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34 % and the rate constant decreased from 0.1161 to 0.0766 min
-1
. However, 
when a larger amount, 21 μmol, of tert-butanol was added, the reaction was 
only slightly more repressed (k = 0.0656 min
-1). This suggests that •OH 
radical plays a minor role in the photoactivity. 
Potassium bromate is a strong oxidant and an effective electron acceptor, 
replacing oxygen [22]. Its addition to the reaction system would suppress the 
production of •O2
-
 radicals and strongly competes with the recombination of 
electron-hole pairs in the photocatalyst. The addition of 4.2 μmol of KBrO3 
also led to a decrease in the rate constant of the reaction (k = 0.0951 min
-1
), 
although its effect was less than that of the •OH radical. Adding 21 μmol 
KBrO3 did not lead to more decrease in the rate constant (k = 0.0990 min
-1
).  
In contrast, the addition of EDTA led to the most pronounced reduction in 
the rate of reaction. The rate constants fell to 0.0614 min
-1
 and 0. 0004 min
-1
 
for 4.2 and 21 mmol EDTA, respectively. However, it was also observed that 
in the presence of large amounts of EDTA (21 mmol), the RhB adsorption at 
the 15 % Bi2O3/BiOBr was reduced from 11.1 to 0.56 mg/g. Thus, the EDTA 
may not only quench the holes, but may also prevent the substrate, RhB, from 
reaching the surface. Therefore, the observed value of only 3.7 % RhB 
degradation after 60 min cannot be unambiguously interpreted that over 96% 
of the decomposition reaction would be initiated by holes. These results show 
that the adsorption of RhB at the catalyst surface is critical and direct 




Figure 4.22 Effect of the scavengers on the RhB degradation rate constants in 
the presence of 15 % Bi2O3/BiOBr under visible ligh 
 
4.3  Conclusion 
In this chapter, we described how Bi2O3/BiOBr heterojunctioned composites 
could be synthesized by a simple acid corrosion method of Bi2O3. These 
composites showed photocatalytic activity for the degradation of RhB under 
visible light. Compared to pure Bi2O3 and BiOBr, the activity of the 
composites was much higher. Also, simple mixtures of the two components 
did not show this synergistic effect. At a composition of 15 % Bi2O3/BiOBr, 
the composite had the highest photocatalytic activity with 57.4 % degradation 
of RhB within 10 min, and full degradation after only 40 min. The total 
organic carbon of the solution after irradiation was reduced to 40 % after 24 h 
irradiation. The excellent activity under visible light was attributed to the 
efficient separation of the photogenerated charge carriers through the 
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heterojunction barrier formed by the interfaces between the Bi2O3 and BiOBr 
domains. Compared to P25 titania, the Bi2O3/BiOBr heterojunctioned 
composite exhibited much higher photocatalytic activity under artificial visible 
light irradiation, as well as under sunlight. The Bi2O3/BiOBr composite 
showed good stability and durability, maintaining most of its activity even 
after three runs. A mechanistic study showed that superoxide radicals, 
hydroxyl radicals and holes are possible active species, with holes being the 
dominant species for the degradation of RhB. The preparation of this 
Bi2O3/BiOBr is quite simple and easy to scale up. Being composed of 
non-toxic elements, it is an environmentally friendly material. Therefore, 
Bi2O3/BiOBr is a very promising photocatalyst which can be used in the 
manufacture to degrade pollutants in the future. 
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4.5  Appendix 
Table 4.4 CB and VB calculation of Bi2O3 and BiOBr 
 
 



























dark add Rh B
Compound X (eV) Eg (eV) EVB (eV) ECB (eV) 
Bi2O3 5.92 2.92 2.88 -0.04 




Figure 4.24 Fluorescence spectrum of terephthalic acid solution under 

































Chapter 5. Synthesis, Characterization and Visible-Light-Driven 
Photocatalytic Activity of a Novel NaBiO3/BiOBr Heterojunctioned 
Composite 
 
5.1  Introduction 
5.1.1  Bi (V) containing photocatalysts 
As mentioned in the previous chapters, bismuth containing semiconductors are 
non-toxic and photochemically active, and this class of compounds therefore 
has over the past decade attracted the attention of many researchers involved 
in environmental remediation. For example, Bi2O3 [1-3], Bi2S3 [4,5], BiOX 
(X= F, Cl, Br, I) [6-10], Bi3O4X (X=Cl, Br) [11,12], BiVO4 [13,14], Bi2WO6 
[15-17], and CaBi2O4 [18] all have been reported as efficient photocatalysts.  







has two 6s electrons and a d
10
 closed shell, while Bi
5+
 has an empty 6s orbital 
and a d
10
 closed shell. Hence, Bi (V) containing oxides have a different 
electronic structure compared with Bi (III) containing oxides. Bi (III) has a 
free electron pair on the bismuth ion, but this orbital is not occupied in Bi (V). 
Therefore, the CB of NaBiO3 is composed of the hybridized Na 3s and O 2p 
orbitals [19]. This differs from Bi (III) containing oxides, where the CB is 
mainly composed of the Bi 6p orbitals [18]. The strong dispersion of the CB 
suppresses the recombination of electron-hole pairs in NaBiO3, which gives it 
a higher photocatalytic activity than Bi (III) containing oxides. Kako [19] first 
discussed the potential of NaBiO3 as an efficient visible-light-driven 
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photocatalyst. NaBiO3 shows good photocatalytic activity for the degradation 
of methylene blue [19], isopropanol [19], PCP-Na [20], Rhodamine B [21], 
4-t-octylphenol [22], and polycyclic aromatic hydrocarbons [23].  
As discussed in chapter 3 and chapter 4, forming heterojunctioned 
composites is an effective way to develop visible-light-driven photocatalysts. 
However, most attention was directed towards bismuth (III) containing 
heterojunctioned composites, such as Bi2O3/BiOCl [24], BiOBr/BiOCl [25-27], 
BiOBr/BiOI [28], BiOCl/BiOI [29] and related materials. As far as we know, 
only NaBiO3/BiOCl [30] and Bi2O3/NaBiO3 [31] heterojunctioned composites 
containing bismuth (V) have been reported.  
Since NaBiO3 is a relatively high active photocatalyst compared to Bi (III) 
containing oxides, it can be expected that its heterojunctioned composites 
would be even more active. We reported in chapter 4 that Bi2O3/BiOBr is an 
active heterojunctioned composite. NaBiO3/BiOBr should be an even more 
active composite. Studies on the NaBiO3/BiOBr system are reported in this 
chapter. 
 
5.1.2  Theoretical prediction of properties of NaBiO3/BiOBr composites 
In the crystal structure of NaBiO3 (Fig 5.1a), each Bi atom is octahedrally 
coordianted to six O atoms in the form of a quadratic bipyramid, while each 
Na atom is also octahedrally coordinated to six O atoms, but in the form of a 
trigonal antiprism. BiO6 octahedral layers (with Bi in the center, and O atoms 
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on the corner) are sandwiched in between NaO6 (with Na in the center, and O 
atoms on the corner) octahedral layers.  
The electronic structure of NaBiO3 was calculated by Density Functional 
Theory using CASTEP code applying the Materials Studio software. It was 
calculated that the material has a relatively small indirect band gap of 1.558 
eV (Fig 5.1c). The valence band (VB) is mainly composed of the O 2p orbitals. 
Because of the empty Bi 6s orbitals, the contribution of Bi 6s to the VB seems 
to be much smaller than that in Bi2O3. The CB in NaBiO3 is composed of the 
hybridized Na 3s, Bi 6s and O 2p orbitals, which is largely dispersed. Bismuth 
oxybromide crystallizes in the matlockite structure with layers of Bi2O2 
interleaved by double layers of bromine atoms (Fig. 5.1b). Each Bi atom is 
coordinated to four O atoms in one face and to four Br atoms in the other to 
form a square antiprism. The O atoms are tetrahedrally coordinated to four Bi 
atoms. The Br atom is coordinated to four Bi atoms in the layer above. BiOBr 
also has an indirect band gap, which is 2.407 eV. The band structure (Fig 5.1f) 
shows that the valence band mainly consists of Br 4p, with a small 
contribution from O 2p and Bi 6p, while the conduction band is mostly formed 
by Bi 6p, with only a small fraction of O 2p and Br 4p.  
 
 
         
         




Figure 5.1 Crystal structure, band gap structure and total and partical density 


















































































































































The relative position of the respective valence and conduction bands 
determines whether the effect is positive or negative when two semiconductors 
are conjugated. The absolute position of the band edges of NaBiO3 and BiOBr 
can be roughly estimated using the Mulliken electronegativities of the 
individual atoms (5.5 Appendix Table 5.4). In both NaBiO3 and BiOBr, 
electron-hole formation by visible light is possible (Fig 5.2). In this system, 
the CB of NaBiO3 is more negative than that of BiOBr, thus electrons injected 
into the CB of NaBiO3 can easily transfer into the CB of BiOBr. In addition, 
the VB of NaBiO3 is more negative than that of BiOBr, therefore holes formed 
in the VB of BiOBr can be transferred to the VB of NaBiO3. In such a way, 
photoinduced electron-hole pairs can be effectively separated at the interface 
of the two semiconductors. Therefore, the heterojunction NaBiO3/BiOBr 
should show enhanced activity compared to each individual component. 
 








































5.2  Results and Discussion 
5.2.1  Characterization 
As shown in the X-ray diffraction pattern (Fig 5.3), the peaks of our pure 
NaBiO3 and BiOBr agreed well with those reported for NaBiO3 (JPCDS No. 
01-0090) and BiOBr (JPCDS No. 09-0393), respectively. In the composites, 
only NaBiO3 and BiOBr peaks were found, suggesting that there was no 
appreciable chemical reaction between BiOBr and NaBiO3 that would lead to 
new compounds of phases. With the decrease of the NaBiO3 weight fraction, 
the NaBiO3 peak intensities gradually decreased, whereas the BiOBr peak 
intensities increased. The composition of the NaBiO3/BiOBr composites could 
be well controlled by adjusting the amount of hydrobromic acid in the 
synthesis solution (Fig 5.4).  
 
Figure 5.3 XRD patterns of pure NaBiO3, BiOBr and their heterojunctions:  
(a) NaBiO3 (*), (b) 59 % NaBiO3/BiOBr, (c) 40 % NaBiO3/BiOBr, (d) 21 % 




Figure 5.4 NaBiO3 wt % change with the ratio of HBr: NaBiO3 
Table 5.1 Physical properties of NaBiO3, BiOBr, NaBiO3/BiOBr composites, 
P25, NaBiO3/BiOCl and Bi2O3/BiOBr 
Sample ABET (m
2







NaBiO3  5.61 2.60 6.0 1.07 
59% NaBiO3/BiOBr 10.7 2.60/2.44 12.7 1.18 
40% NaBiO3/BiOBr 11.7 2.80/2.44 16.0 1.60 
21% NaBiO3/BiOBr 14.1 2.86/2.46 18.2 1.37 
13% NaBiO3/BiOBr 15.5 2.88 21.8 1.40 
BiOBr 2.15 2.86 4.3 2.00 





 2.95/2.44 8.5 0.54 
15% Bi2O3/BiOBr 7.99 2.76 6.9 0.86 
a 



















HBr: Bi2O3 ratio (mol/mol)
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The surface areas of NaBiO3 and BiOBr were 5.60 and 2.15 m
2
/g, 
respectively (Table 5.1). The surface areas of all the NaBiO3/BiOBr 
composites were higher and increased with BiOBr content.  
Under the scanning electron microscope, the starting material, NaBiO3 
(Merck Chemicals), appears as irregular micro-sized particles with nanoflakes 








 = BiOBr + Br2 + Na
+
 + 2H2O 
Therefore, the particle shape was changed gradually with decreasing 
NaBiO3 content. In a high NaBiO3 composition, the flake-like surface of 
NaBiO3 collapsed as the surface NaBiO3 was decomposed, and BiOBr 
particles were formed on the surface of big particles, as shown in Fig 5.5b. 
With decrease of NaBiO3 composition, many small BiOBr particles appeared 
(Fig 5.5b-f). By addition of excess HBr, plates of pure BiOBr were formed 
with a diameter from 100 nm to 1 μm (Fig 5.5f). The acidic conditions 
accelerate the growth of (001) facets of BiOBr [33], so that BiOBr synthesized 
by this method was more crystalline and had bigger particles compared with 
the particles in the composites. This probably explains why the composites 




Figure 5.5 SEM image of (a) pure NaBiO3, (b) 59 % NaBiO3/BiOBr, (c) 40 % 
NaBiO3/BiOBr, (d) 21 % NaBiO3/BiOBr, (e) 13 % NaBiO3/BiOBr and (f) 
BiOBr 
The HRTEM of 13 % NaBiO3/BiOBr (Fig. 5.6) showed two clear lattices. 
The lattice spacing of 0.28 nm, observed on most of the particle, corresponds 
to the (110) lattice plane of the tetragonal BiOBr. The lattice spacing of 0.31 
nm, which was more diffuse, corresponds to the (-114) lattice plane of the 
trigonal NaBiO3. These observations indicated that NaBiO3 and BiOBr were 








Figure 5.6 HRTEM image of 13% NaBiO3/BiOBr 
 
5.2.2  Optical properties 
Fig 5.7 shows UV-vis diffuse reflectance spectra of NaBiO3, BiOBr and their 
composites. The band structures of both NaBiO3 and BiOBr have indirect 
transitions. As discussed in chapter 2, a value of  = 2 has then to be used. 
Therefore, the band gaps were estimated from the plot (F(R)h)
1/2
 versus h, 
and found to be 2.60 eV and 2.86 eV for NaBiO3 and BiOBr, respectively (Fig 
5.8). Because of its smaller band gap, NaBiO3 can absorb visible light to 
longer wavelengths. The tail of the absorption extends up to 700 nm, which 
may be caused by lattice defects in the NaBiO3 crystals. With increasing 
NaBiO3 wt%, the absorbance between 400 – 500 nm increased. The 
NaBiO3/BiOBr composites show two steps in the absorption, indicating that 
NaBiO3 and BiOBr are intimately mixed.  
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Figure 5.7 UV-vis diffuse reflectance spectra of pure NaBiO3, BiOBr and 
their heterojunctions 
 
Figure 5.8 Band gap determination plots of NaBiO3 and BiOBr 
 
5.2.3  Photocatalytic properties 
The photocatalytic activity of NaBiO3/BiOBr was investigated with respect to 




















































400 nm). The suspension was stirred in the dark for 1 h before irradiation in 
order to reach adsorption-desorption equilibrium. The adsorption of RhB on 
the different catalysts is listed in Table 5.1. The RhB adsorption on the 
composites was much higher than that on pure NaBiO3 and BiOBr in terms of 
mg/g, while when the RhB adsorption is expressed in terms of mg/m
2
, it was 
relatively constant, but somewhat higher for BiOBr and composites with a 
high percentage of BiOBr. 
A blank experiment conducted in the absence of any photocatalyst showed 
that no degradation occurred even after 120 min illumination with visible light. 
Pure NaBiO3 degraded 46.4 % RhB after 120 min, whereas pure BiOBr 
showed a slightly higher photocatalytic activity with 54.2 % of RhB being 
degraded within 120 min. As predicted, a significant increase of the 
degradation efficiency was found for the NaBiO3/BiOBr composites. The 
photodegradation activity increased with BiOBr loading. The best result was 
observed for 13 wt. % NaBiO3 where 99.7 % of RhB was degraded within 120 
min. To confirm the positive synergistic effect obtained when the BiOBr and 
NaBiO3 phases were coupled tightly together, the photocatalytic activity of 13 % 
NaBiO3/BiOBr heterojunction was compared with that of a mechanical 
mixture of NaBiO3 and BiOBr in the same weight ratio. The photocatalytic 
activity of the mixture was much lower than that of the heterojunctioned 
composite, with only 42.7 % degradation after 120 min. The results indicate 
that the closely coupled heterojunction between NaBiO3 and BiOBr was very 
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effective in reducing the recombination between the photogenerated electrons 
and holes. In contrast, the mechanical mixture of BiOBr and NaBiO3 has only 
loosely contacting interfaces that are not effective in reducing the 
recombination between electron-hole pairs. 
The degradation of RhB over NaBiO3/BiOBr follows approximately 
first-order kinetics (5.5 Appendix Fig 5.24). Plots of ln(C0/C) against reaction 
time gave straight lines. Thus, the kinetics of RhB degradation was studied 




)ln( 0  
with k is the pseudo-first-order rate constant. The values of k are listed in 
Table 5.2. 
Table 5.2 Summary of the photocatalytic activity of NaBiO3, BiOBr, 
NaBiO3/BiOBr composites, NaBiO3/BiOCl, Bi2O3/BiOBr and P25 
Sample k (min
-1
) Degradation Efficiency 
a
 (%) 
NaBiO3 0.0045 46.4 
59% NaBiO3/BiOBr 0.0060 48.1 
40% NaBiO3/BiOBr 0.0104 69.3 
21% NaBiO3/BiOBr 0.0170 88.4 
13% NaBiO3/BiOBr 0.0450 99.7 
BiOBr 0.0067 54.2 
NaBiO3/BiOCl 0.0066 30.3 
15% Bi2O3/BiOBr 0.0064 53.1 
P25 0.0029 30.3 
a




Figure 5.9 Photocatalytic degradation of RhB in the presence of 13 % 
NaBiO3/BiOBr heterojuncitons and physical mixture of 13 % NaBiO3 and 87 % 
BiOBr under visible light (λ> 400 nm) 
 
Figure 5.10 UV-vis spectral changes of RhB as a functionof reaction time 
under visible light irradiation. (Inset: Wavelength shift as a function of time) 
Fig 5.10 shows the UV-vis spectral changes of RhB as a function of 




























































absorbance maximum was at 554 nm initially, but it decreased and shifted 
towards the blue with increasing irradiation time. The decrease in absorbance 
is attributed to degradation of the chromophore structure, while the blue shift 
in wavelength is due to de-ethylation of the N-ethyl groups in RhB [21].
 
Upon 
full de-ethylation, the absorbance maximum was reported to be at 498 nm. 
However, the test for total organic carbon showed that as much as 83 % of 
organic carbon is still present after 2 h irradiation. Further irradiation 
decreased the TOC in the solution, i.e. 74 % after 24 h.  
To quantify the superior photocatalytic acitivity of the NaBiO3/BiOBr 
composites, we compared their photocatalytic activity for RhB degradation 
under visible light with that of the commericial TiO2 Degussa P25, 
Bi2O3/BiOBr and a reported Bi (Ⅴ) containing heterojunction NaBiO3/BiOCl 
[30]. Degussa P25 is a commericially available material, which is widely used 
as a bench mark of photocatalyst. It’s activity under the same irradiation 
conditions was 15.5 times lower than that of 13 % NaBiO3/BiOBr, as only dye 
photosensitization occurred under visible light due to its large band gap (3.37 
eV). NaBiO3/BiOCl is one of the few Bi(V) containing composites that have 
been reported previously. It was reported to show enhanced photocatalytic 
activity towards the degradation of Rhodamine B due to more effective 
photo-excited electron-hole separation by the heterojunction strucutre. 
However, the decomposition rate constant over the chloride was 6.8 times 
slower compared to 13 % NaBiO3/BiOBr. Since BiOCl cannot absorb visible 
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light due to its large band gap (3.4 eV), much less visible light can be ultilized 
by NaBiO3/BiOCl compared to NaBiO3/BiOBr, resulting in the lower activity 
of NaBiO3/BiOCl. Bi2O3/BiOBr is an efficient heterojunctioned composite as 
described in chapter 4. Netherless, it also showed 7.0 times lower activity than 
this NaBiO3/BiOBr composites. NaBiO3 possesses much higher photocatalytic 
activity than Bi2O3 due to its strong dispersion of the CB as well as a smaller 
band gap. Therefore, the electron-hole recombination rate was very much 
reduced in this NaBiO3 containing heterojunctioned composite. 
To verify that the photocatalytic reaction is heterogeneously catalyzed, the 
filtrate was separated from reaction mixture after 2 h irradiation. Concentrated 
RhB (1.5 g/L) was added into the filtrate to make a 20 ppm RhB solution, 
which was irradiated with the same lamp for another 2 h. There was nearly no 
change of the RhB absorbance (Fig 5. 25), indicating that no reaction carried 
out without the solid photocatalyst. Besides, leaching test showed that 
negligible amount of Bi (only 0.7 %) in the catalyst was leached into the liquid 
by elemental analysis of Bi
3+




Figure 5.11 Photocatalytic degradation of RhB in the presence of P25, 13 % 
NaBiO3/BiOBr, NaBiO3/BiOCl and 15 % Bi2O3/BiOBr under visible light (λ> 
400 nm) 
5.2.4  Thermal stability of NaBiO3/BiOBr heterojunctions 
In order to more comprehensively understand the stability and the effect of 
thermal treatment on its photocatalytic performance, the 13 % NaBiO3/BiOBr 
material was calcined at different temperatures from 200 
o
C to 600 
o
C. XRD 
results showed that the crystal structure was preserved upon calcination up to 
400 
o
C. However, when the material was treated at even higher temperature, a 
new peak at 31.2
o
 appeared, which became more obvious after heating to 600 
o





has already been reported in the discussion of the Bi2O3/BiOBr composites in 
chapter 4, these peaks were assigned to the Bi24O31Br10 phase (JCPDS No 
03-0564) (Fig 5.12). This phase may be formed by replacement of Br with 




















 24 BiOBr + 3.5 O2 → Bi24O31Br10 + 7 Br2 
Even after calcination up to 400 
o
C, no obvious change was observed by the 
SEM. The micrographs show aggregated microsized particles with nanosized 
small particles on the surface. However, after heating at 500 
o
C, less 
aggregated particles were observed and more big platelets appeared. The 
specific surface area paralleled these changes in morphology: the surface area 
remained rather constant up a treatment temperature of 400 
o
C and decreased 
after calcination at 500 
o
C. In the UV-vis diffuse reflectance spectra, the 
absorption showed little difference up to treatment temperatures of 400 
o
C. A 
red shift appeared after 500 
o
C, and became obvious at 600 
o
C, which could 
indicate the appearance of the Bi24O31Br10 phase. Consequently, the color of 
the calcined samples changed from grey, slight yellow, to finally yellow. 
 
Figure 5.12 XRD patterns of 13 % NaBiO3/BiOBr calcined at different 
temperatures: (a) as prepared, (b) 200 
o
C, (c) 300 
o
C, (d) 400 
o
C, (e) 500 
o
C, 
and (f) 600 
o
C 





































































Table 5.3 Surface area, adsorption and pseudo-first-order rate constants of 
NaBiO3/BiOBr composites calcined at different temperatures  
Temp (
o
C)  SA (m
2
/g)  Ads (mg/g)  k (min
-1
) 
as prepared 15.5 21.8 0.0450 
200  14.3 24.5 0.0396 
300  15.6 21.0 0.0338 
400  12.8 10.4 0.0281 
500  6.70 5.0 0.0178 
600  3.10 4.2 0.0019 
 
 
     




Figure 5.13 SEM of 13 % NaBiO3/BiOBr calcined at different temperatures: 
(a) as prepared, (b) 200 
o
C, (c) 300 
o
C, (d) 400 
o
C, (e) 500 
o
C, and (f) 600 
o
C 
As depicted in Table 5.3, the photocatalytic activity of 13 % 
NaBiO3/BiOBr did not change significantly with calcination up to 300 
o
C. 





C, and the activity dropped drastically after heating to 600 
o
C. At high 
temperatures, increasing amounts of the Bi24O31Br10 phase were formed at the 
expense of BiOBr. The destruction of the NaBiO3/BiOBr heterojunction leads 








Figure 5.14 (a)UV-vis diffuse reflectance spectra and (b) picture of 13 % 
NaBiO3/BiOBr calcined at different temperatures 
 
Figure 5.15 Photocatalytic degradation of RhB (20ppm) in the presence of 13 % 
NaBiO3/BiOBr heterojunctions calcined at different temperatures under 




















































5.2.5  Activity under sunlight 
The ultimate target to develop visible-light-driven photocatalyst is to ultilize 
sunlight effectively, therefore the photocatalytic activity of NaBiO3/BiOBr 
was tested under sunlight using P25 as a bench mark. The rate constant for the 
13 % NaBiO3/BiOBr composite catalyst, k, 0.0316 min
-1
, is 1.3 times bigger 
than that determined for P25 (k = 0.0249 min
-1
). This composite definitely 
exhibited excellent photocatalytic activity even under sunlight.  
 
Figure 5.16 Photocatalytic degradation of RhB in the presence of (▲)P25 and 
(◆)13 % NaBiO3/BiOBr under sunlight 
5.2.6  Recycle of catalysts 
XRD patterns of the 13 % NaBiO3/BiOBr composite before and after 
photocataylitc reaction were almost the same, suggesting the good chemical 
stability of this composite. However, the photocatalytic activity of the used 
















organic compounds were adsorbed on the surface of the used catalyst, and 
blocked the active site. In order to remove the adsorbed organics, the used 
catalyst was treated under O3 atmosphere for 5 h. After this treatment, the 
photocatalytic activity can be fully recovered. To exclude that the O3 treatment 
had any effect on the structure of the catalyst, the activity of an O3 treated 
fresh catalyst was also tested (Fig 5.17). It had exactly the same activity as that 
of the fresh catalyst. Also, there was no obvious change in the XRD pattern 
(5.5 Appendix Fig 5.27) of the O3 treated sample. 
The catalyst was recycled and tested under the same conditions by this 
method. There was nearly no decrease of the degradation efficiency even after 
four runs, suggesting that this NaBiO3/BiOBr had good stability (Fig 5.19). 
 
Figure 5.17 XRD patterns of 13 % NaBiO3/BiOBr before and after the 
photocatalytic reaction 













Figure 5.18 Photocatalytic degradation of RhB (20ppm) of 13 % 
NaBiO3/BiOBr without and with O3 treatment under visible light irradiation 
(λ>400 nm) 
 



















5.2.7  Active species studies 
As mentioned in 3.2.7, •OH, •O2
-
 and/or holes are possible active species in 
the photodegradation of RhB. Radical scavengers and N2 purging were used to 
gain insight into the mechanism.  
To detect the presence of •OH radical, we used terephthalic acid as a 
fluorescent probe. The •OH radical is known to be trapped by terephthalic acid 
to produce the fluorescent 2-hydroxyterephthalic acid [34] which has a 
maximum emission peak at 425 nm. Differing from the heterojunctioned 
composites Bi2O3/BiOCl and Bi2O3/BiOBr that had been discussed in the 
previous chapters, no obvious peak was observed, indicating that here, •OH 
radicals were not formed. Adding an •OH radical scavenger, tert-butanol, into 
the photoreaction system did not lead to a decrease in the rate constant. The 
rate constant was even slightly higher by adding 21 μmol tert-butanol (Fig 
5.21). This further confirms that hydroxyl radicals are not involved in the 




Figure 5.20 Flurescence spectrum of terephthalic acid solution after different 
illumiation times in the presence of 13 % NaBiO3/BiOBr  
To investigate the role of the superoxide radical, N2 and O2 purging 
experiments were conducted and compared with experiments without gas 
bubbling. A considerable decrease in the decomposition efficiency was 
obtained as a result of N2 purging, whereas O2 purging increased the 
decomposition. This result suggests that dissolved oxygen is essential for RhB 
degradation.  
An additional test was performed to further explore the role of superoxide 
radical. Potassium bromate (KBrO3), which is a strong oxidant [35,36], was 
added to the reaction system. This oxidant has been proven to be an effective 
electron acceptor replacing oxygen. It therefore suppresses the production of 
superoxide radicals and, by reacting with the electrons, increases the escape 









































photocatalyst. As can be seen from Fig 5.23, the addition of small amount of 
KBrO3 has a positive effect on the degradation efficiency of RhB while large 
amounts of KBrO3 suppress the reaction. KBrO3 has two effects in the 
degradation system. One is to be an electron acceptor, which can help to 
reduce the electron-hole recombination, and thereby to accelerate the reaction. 
The other is to compete with the formation of superoxide radicals, and to 
suppress the reaction if the superoxide radical is an active species in the 
degradation system. In our system, the acceleration effect was bigger than the 
inhibiting effect when there was only a small amount of KBrO3, as O2 still 
works as electron acceptor. But the inhibiting effect was bigger at higher 
concentrations of KBrO3, where O2 is totally replaced by KBrO3 at the catalyst 
surface and no superoxide radicals were formed. From this experiment, it can 
be concluded that oxygen acts as an effective electron acceptor, and while the 
superoxide radical is indeed an active species in the RhB photodegradation 




Figure 5.21 Photocatalytic degradation of RhB under different atmosphere in 
the presence of 13 % NaBiO3/BiOBr 
To investigate the role of holes, an effective hole scavenger, EDTA 
[37,38], was added into the degradation system. The point-of-zero charge for 
13 % NaBiO3/BiOBr was determined to be 6.5 from the plot of final pH 
versus initial pH in NaCl (Fig. 5.22). When placed in solutions with pH < 6.5, 
the surface of the composite will be positive while at pH > 6.5, the surface will 
be negatively charged. The pH of Rhodamine B solution is about pH= 5. Thus, 
the surface of NaBiO3/BiOBr has positive charges in the Rhodamine B 
solution. Since EDTA has more carboxyl groups, it will preferentially adsorb 
on the surface of the photocatalyst and thereby prevents the direct 
hole-initiated degradation of Rhodamine B. From the results shown in Fig 
5.23, it can be seen that the degradation of Rhodamine B was inhibited by the 
addition of EDTA. When a large excess of EDTA (0.021 mmol) was added, 
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Rhodamine B adsorption on 13 % NaBiO3/BiOBr is only 3.7 mg/g and there is 
only 6 % of Rhodamine B degradation within 60 min. This suggests that the 
adsorption of Rhodamine B on the catalyst surface is critical and direct 
oxidation of Rhodamine B by the holes is the main degradation way.  
In summary, direct hole oxidation is the main pathway for the RhB 
degradation over these NaBiO3/BiOBr composites, while the superoxide 
radical offers an alternative reaction path, which is similar to the one we 
observed for Bi2O3/BOCl and Bi2O3/BiOBr and described in chapters 3 and 4. 
Different from these two composites, however, free •OH radicals contributed 
little to the degradation of RhB in these Bi(V)-based composites. 
 
Figure 5.22 The pH value of 0.1 M NaCl solution before and after addition of 




















Figure 5.23 Effect of the scavengers on the RhB degradation rate constants in 
the presence of 13 % NaBiO3/BiOBr under visible light  
 
5.3  Conclusion 
In this chapter, NaBiO3/BiOBr heterojunctioned composites were synthesized 
by a simple acid corrosion method of NaBiO3. Enhanced photocatalytic 
activities of NaBiO3/BiOBr had been predicted and were indeed observed 
compared to pure NaBiO3 and BiOBr for the degradation of RhB under visible 
light irradiation. A 13% NaBiO3/BiOBr composite had the highest 
photocatalytic activity, and 28.6 % of RhB can be degraded within 20 min and 
full degradation after only 120 min. The total organic carbon of the solution 
after irradiation was 40 % after 24 h irradiation. The excellent activity under 
visible light was associated to the efficient separation of photogenerated 





















0                         2.1 21
178 
 
and BiOBr due to the formation of a heterojunction structure. Compared to 
P25, NaBiO3/BiOBr heterojunctions exhibited considerable photocatalytic 
activity under visible light irradiation, as well as under sunlight. 
NaBiO3/BiOBr exhibited higher activity than NaBiO3/BiOCl and 
Bi2O3/BiOBr. Besides, NaBiO3/BiOBr showed good stability and durability, 
maintaining most of its activity even after three runs. Studies of the 
mechanism showed that superoxide radicals and holes are possible active 
species, with holes being the dominant species for the degradation of RhB. 
This NaBiO3/BiOBr heterojunction exhibits high photocatalytic activity, 
thermal stability, reusability as well as environmental friendly property, and is 
a very promising photocatalyst for the degradation of organic pollutants and 
other applications. More attention needs to be paid to this novel 
heterojunction. 
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5.5  Appendix 
Table 5.4 CB and VB calculation of NaBiO3 and BiOBr 
 
 























Compound X (eV) Eg (eV) EVB (eV) ECB (eV) 
NaBiO3 5.50 2.60 2.30 -0.30 




Figure 5.25 Absorbance (λ = 554 nm) changes of RhB solution with 
irradiation 
 


















































































Chapter 6. Synthesis, Characterization and Photocatalytic Activity of 
BiOI Single Crystalline Nanosheets with Different Dominant Exposed 
Facets and Bismuth Oxyiodide Heterojunctions 
 
6.1  Introduction 
6.1.1  Facet engineering 
The activity of a photocatalyst is affected by many factors. For examples, the 
absolute value of the band gaps affects the optical absorption characteristics 
while the band positions determine the reduction and oxidation abilities [1]; 
specific surface area has a positive effect on the activities as more active 
surface sites are available [2]; particle size directly impacts the specific 





recombination rate also increases with the decrease of particle size, which 
would offset the benefits from the high surface area [3]; and the surface 
morphology also influences the activity [4,5]. Surface structures play a 
significant role as the photocatalytic reaction takes place on the catalyst 
surface [4,5]. Due to their particular electronic and geometric structures, 
different crystal facets of a single-crystalline photocatalyst usually possess 
distinctive photocatalytic activities. Hence, the facet-controlled fabrication of 
single-crystalline photocatalysts has attracted much attention [6-10]. For 
example, Jiang synthesized BiOCl single-crystalline nanosheets with exposed 
{001} and {010} facets selectively via a facile hydrothermal route by 
controlling the synthesis pH value, and reported that the resulting BiOCl 
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single-crystalline nanosheets with exposed {001} facets exhibited higher 
activity for the direct semiconductor photoexcitation leading to pollutant 
degradation under UV light, while the material with exposed {010} facets 
possessed superior activity for the indirect dye-sensitized photodegradation 
under visible light [11]. Facet engineering therefore gives another degree of 
freedom to design highly active photocatalysts. It also gives opportunities to 
study the relationship between surface properties and the photocatalytic 
activities. 
 
6.1.2  Introduction to the structure of BiOI 
Similar to the BiOBr and BiOCl structures that we discussed before, BiOI also 
has the tetragonal PbFCl (matlockite) structure. In its crystal structure (Fig 
6.1), [Bi2O2] slabs are interleaved by double slabs of iodine atoms. Since the 
iodine atoms is much bigger than Br and Cl, the BiOI unit cell is longer, with a 
= 0.3994 nm and c = 0.9149 nm (compared to a = 0.3887 nm and c = 0.7354 
nm for BiOCl, and a = 0.3920 nm and c = 0.8110 nm for BiOBr). The 
electrons in the 5s orbital of iodine ions are much easier to excite. This causes 
the band gap of BiOI to be much narrower, only 1.8 eV, and it can ultilize a 
larger proportion of the visible light spectrum. Therefore, BiOI is expected to 
be an excellent visible light photocatalyst, and consequently has received 
extensive attention recently. BiOI nanoparticles [12,13], BiOI nanobelts [14], 
BiOI nanoplates [15,16], and BiOI 3D microspheres [17-20] were reported as 
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visible-light-active photocatalysts for various organic pollutants, such as 
rhodamine B, methyl orange, and phenol. BiOI microspheres with dominant 
{001} facets showed much higher activity than random BiOI nanoplates in 
phenol degradation [19]. BiOI single crystalline nanosheets (SCNs) with 
dominant {001} facets have been prepared by annealing BiI3. This study 
showed that {001} facets are the most reactive facets for BiOI [21]. 
Nevertheless, no report investigates the distinctive photocatalytic activity of 
BiOI with different facets.  
 
Figure 6.1 Crystal structure of BiOI  
 
6.1.3  Synthesis strategy of BiOI with different exposed facets 
In the crystal structure of BiOI, both (001) facet (Fig. 6.2a) and (110) facet 
(Fig. 6.2b) are full of oxygen atoms. However, the oxygen density in the (001) 
facet is the highest of all facets, i.e. 6.27 oxygen atoms/nm
2
, which is much 
higher than that of (110) facets (1.94 O atoms/nm
2
). In a hydrothermal 
synthesis of BiOI, H
+






Figure 6.2 (a) Side view and (b) top view of a BiOI plate with (001) facet as 
dominant exposed facet, and (c) side view and (d) top view of a BiOI plate 







under acidic condition, thus forming BiOI with (001) facet as the dominant 
exposed-facet. On the contrary, if the H
+
 are neutralized by OH
-
, the growth 
speed along the [001] direction will be facilitated, and thus BiOI with other 
dominant exposed facets could be obtained. In this Chapter, we describe how, 
inspired by this theory [11], we attempted to realize the engineering of facet 
control of BiOI by adjusting the pH in the synthesis procedure.  
 
6.1.4  Bismuth oxyiodide heterojunctions 
Five bismuth oxyiodides with different oxygen to iodine ratio are known, 
namely, BiOI, Bi7O9I3, Bi4O5I2, and - and -Bi5O7I [22-27]. As shown in Fig. 
6.1, the atomic arrangement in BiOI consists of tetragonal 2-dimensional 
[Bi2O2]
2+
 layers which are “sandwiched” by two halogen layers. The crystal 
structures of the bismuth oxyhalides, BixOyIz, are closely related but with 
different halogen content in the sandwich layer, depending on the 
stoichiometry. 
As shown in Fig 6.3a, the structure of Bi4O5I2 contains [BiO]
+
 layers 
parallel to        with [BiO2]
-
 chains parallel [010] attached on both sides. 
The [Bi4O5]
2-
 layers formed this way are separated from each other by halogen 
atom layers. The structure can also be seen to consist of two adjacent single 
planar I layers each of which containing parallel vacancy stripes occupied by 
the [BiO2]
-
 chains. In -Bi5O7I, the [Bi2O2]
2+
 sheets aligned parallel to (001) 
are mutually connected by folded 1-dimensional [Bi4O8]
4-
 ribbons with axes 
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parallel to [010] and oriented parallel to (100) (Fig. 6.3b).  
The [Bi2O2]
2+
 sheets play an important role in inducing separation of 
photo-generated electron-hole pairs due to an internal electric field 
perpendicular to each layer. The similarity in crystal structures of the bismuth 
oxyiodides will enable the formation of intimate junctions between the 
composites of BixOyIz, thus facilitating the electron-hole separation. 
Furthermore, the facile transformation of BiOI to Bi4O5I2, Bi7O9I3, and 
-Bi5O7I upon thermal treatment can be advantageously used to form the 
“tight” mixtures of composites. 
 
Figure 6.3 The crystal structure of (a) Bi4O5I2 and (b) α-Bi5O7I 
 
6.2  Results and discussion 
6.2.1  Characterization of BiOI with different dominant exposed facets 
X-ray diffraction patterns are shown in Fig 6.4. For samples BiOI pH 2.3 to 
BiOI pH 7, all the peaks could be indexed to the tetragonal phase of BiOI 
(JCPDS 10-0045, space group: P4/nmm, a=b=0.3994 nm and c=0.9149 nm), 




7 were pure BiOI. However, BiOI pH 8 had extra peaks at 2θ 8.6o and 28.6o, 
which were assigned to Bi4O5I2 (JCPDS 12-1474). At high pH level, some I
-
 in 
the crystal structure was replaced by OH
-
, thus Bi4O5I2 formed. The diffraction 
pattern shows a significant decrease in the intensity of the (001), (002), (004), 
(005), (006) peaks, and a significant increase of the (110) peak. The peak area 
ratios of (001) to (110) were calculated for all the samples (Fig 6.5). From pH 
2.3 to pH 4, the ratio is ≥ 1, with a decreasing trend. However, the ratio is < 1 
from pH 6 to pH 8, also with a gradual decrease. It indicated that the more 
(001) facets were exposed on the surface of BiOI samples synthesized at low 
pH value, while another facet, (110), became the dominant exposed facet at 
near neutral pH value. This confirms our synthesis strategy. The average 
crystallite size D along the [001] direction of BiOI samples synthesized in 
acidic condition were calculated from the width of the (001) peak of the XRD 
pattern using the Scherrer formula. The results are listed in Table 6.1. From 
BiOI pH 2.3 to BiOI pH 4, D decreased from 126 to 36.9 nm. These results 
demonstrate that the crystallite size along [001] direction can be controlled by 




Figure 6.4 X-ray diffraction patterns of BiOI samples prepared at different pH 
 
 



















































































Table 6.1 Physical properties of BiOI samples prepared at different pH 
React. 
pH 







/g) (eV)  (nm) T (nm) L. (nm)  (%) 
2.3 0.65 1.72 126 102 2820 93.3 
3.0 2.03 1.84 60.1 61 1360 91.8 
4.0 3.98 1.86 36.9 43 670 88.6 
6.0 15.3 1.90 20.3 - - - 
7.0 19.1 1.92 16.2 - - - 
8.0 23.9 1.94 4.2 - - - 
a




calculated from the thickness and length of a nanosheet which is treated as a 
square prism (see text) 
The scanning electron microscopy (SEM) was used to study the 
morphologies. A plate-like structure was apparent for all samples. From Bi 
sample BiOI pH 2.3 to BiOI pH 4, the plates became smaller and thinner. The 
average lamella sizes (L) and average lamella thickness (T) of those BiOI 
samples are listed in Table 6.1. From pH 2.3 to pH 4, L decreased from 2820 
nm to 670 nm, while the average lamella thickness decreased from 102 nm to 
43 nm. If we treated the plates as a simple square prism with length of L and 
height of T, the (001) facet exposed percentages were calculated. The (001) 
exposed percentage decreased from 93.2 % to 88.6%. This result agreed with 
the XRD result that the percentage of exposed facets can be controlled. 
Transmission electron microscopy (TEM) was measured for BiOI pH 3 to 
further confirm that (001) facet was the dominant exposed facet. An individual 
nanosheet image (Fig 6.7a) further confirmed its sheet-shaped structure. The 
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corresponding selected-area electron diffraction (SAED) pattern (Figure 6.7c) 
indicated its single-crystalline characteristic. The angle labeled in the selected 
area electron diffraction (SAED) pattern is 45°, which corresponds to the 
value of the angle between the (110) and (200) planes in the tetragonal 
symmetry group (Fig 6.7d). The set of diffraction spots can therefore be 
indexed as the [001] zone axis. The lattice fringes with an interplanar lattice 
spacing of 0.282 nm that are clearly seen in Fig 6.7b correspond to the (110) 
atomic planes. Therefore, the bottom and top surfaces of the BOI pH 3 sample 




Figure 6.6 SEM images of (a) BiOI pH 2.3, (b) BiOI pH 3, (c) BiOI pH 4, (d) 




Figure 6.7 (a) TEM image, (b) HR-TEM image, (c) SAED patterns, (d) top 
view of the (001) facet and (e) schematic illustration of the crystal orientation 







Figure 6.8 (a) TEM image, (b) HR-TEM image, (c) SAED patterns, (d) top 
view of the (001) facet and (e) schematic illustration of the crystal orientation 
of the BiOI pH 6 nanosheet 
A similar plate-like morphologies was also observed for samples BiOI pH 
6 to BiOI pH 8 (Fig 6.6 d-f). But some of those plates aggregated together, and 
the plates were much smaller and thinner. BiOI pH 6 had a length of 300 nm – 
800 nm, and a thickness of 13 nm – 27 nm. Transmission electron microscopy 
(TEM) images of an individual nanosheet (Fig 6.8a) of this sample further 






diffraction (SAED) pattern (Fig 6.8c) indicated the single-crystalline 
characteristic of the BOI pH 6 sample. The angle labeled in the SAED pattern 
is 42.8°, which is in agreement with the theoretical value of the angle between 
the (  13) and (  10) planes (Fig 6.8d). The set of diffraction spots can be 
indexed as the [110] zone axis of tetragonal BiOI. High-resolution TEM 
(HRTEM) (Fig 6.8b) revealed the highly crystalline nature of the nanosheets. 
The clear lattice fringes with an interplanar lattice spacing of 0.282 nm 
correspond to the {110} atomic planes. On the basis of the above results and 
the symmetries of tetragonal BiOI, the bottom and top surfaces of the BOI pH 
6 sample are identified as {110} facets (Fig 6.8e). 
Based on this analysis, it is possible to synthesize BiOI with different 
dominant exposed facets as we predicted, and the (001) exposed percentage 
can be well controlled by controlling the synthesis condition. 
Fig 6.9 indicated the UV-vis diffuse reflectance spectra of BiOI samples. 
They all show absorption from 670 nm, and only slight differences were 
observed for the different samples. It is known that the optical absorption of a 
semiconductor near the band gap edge follows the formula αhν=A(hν-Eg)
n/2
, 
where α = absorption coefficient, ν = light frequency, Eg =  band-gap energy, 
and A = constant [28]. The value of n depends on the characteristics of the 
transition in the semiconductor, namely, n = 1 for direct transition and n = 4 
for indirect transition. Due to their indirect band gap nature, the values of the 
band gap energy for BiOI are calculated from a plot of αhν
½
 against the 
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photon energy. The results are listed in Table 6.1. The band gap value 
increased slightly with the pH value. This result agrees with the visible color 
change of the samples. The color was dark red for BiOI pH 2.3, and became 
slightly lighter for BiOI pH 3 and pH 4, and then changed to brick red for 
BiOI pH 6, and dark orange for BiOI pH 7 and orange for BiOI pH 8. The 
color became lighter as the pH increased. Surface oxygen defects would lead 
to a decrease of the band gap of a photocatalyst [29]. More oxygen atoms will 
occupy the catalyst surface if more (001) facets are exposed, therefore a 
slightly smaller band gap was observed when the pH decreased. 
 
Figure 6.9 UV-vis diffuse reflectance spectra of the BiOI samples prepared at 
different pH (Inset: photo of the samples) 
 
6.2.2  Photocatalytic properties of BiOI with different exposed facets 
As discussed above, it is possible to obtain BiOI samples with either (001) or 
(110) dominant exposed facets. It is therefore possible to evaluate the 
































model pollutant for the evaluation of photocatalytic activity under visible light 
(λ> 400 nm). As shown in Fig 6.10, there was almost no degradation of 
p-cresol (% in 8 h) under visible light irradiation without photocatalyst. The 
photodegradation efficiency of the different BiOI samples evaluated at 8 h is 
listed in Table 6.2. The degradation efficiency increases first with increasing 
synthesis pH, reaches the maximum at BiOI pH 6, and decreases then.   
 
Figure 6.10 Photocatalytic activity of BiOI samples under visible light for 
p-cresol 
 The kinetics of p-cresol degradation was studied quantatively by applying 
the pseudo-first-order model as expressed by the equation below. This model 
is generally used for the photocatalytic degradation process if the initial 
concentration of pollutant is low. 
ktCC )/ln( 0  























Fig 6.25, and the results are listed in Table 6.2. For easier comparison, k’ (the 
rate constant in terms of per gram catalyst), and k’’ (the rate constant in terms 
of per specific surface area) were also calculated and listed in Table 6.2. 
Table 6.2 Photocatalytic activity of BiOI samples 
Catalyst   k (h
-1
)  k’ (h-1•g-1) k” (h-1• m-2)  DE (%)  
BiOI pH 2.3  0.0280  0.280 0.431  20.0  
BiOI pH 3  0.0678 0.678 0.334  31.6  
BiOI pH 4  0.1248 1.248 0.314 61.9  
BiOI pH 6  0.3653  3.653 0.238  94.9  
BiOI pH 7  0.2049  2.049 0.107  80.3  
BiOI pH 8  0.2234  2.234 0.093  78.1  
 BiOI with (110) exposed facet had higher rate constants k and k’. 
However, when (001) was the dominant exposed facet, the surface areas were 
much lower than in BiOI samples with (110) as dominant exposed facet. 
Usually, the photocatalytic reactions take place on the surface of a 
photocatalyst, and thus surface area plays a significant role to the 
photodegradation efficiency. In order to compare the facet-dependent 
photocatalytic activity fairly, we took the specific surface area into account 
and got the normalized rate constant (k”) for BiOI samples, as shown in Table 
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6.2. After this correction, the k” decrease with increasing synthesis pH. This 
indicates that the surface structure plays a crucial role in the photocatalytic 
activity, and different facets of BiOI have different photocatalytic 
performance. 
Table 6.3 Adsorption of p-cresol over BiOI samples 
Catalyst   Adsp (mg•g-1) Adsp’ (mg•m-2) 
BiOI pH 2.3  0.29 0.44 
BiOI pH 3  0.67 0.33 
BiOI pH 4  1.2 0.30 
BiOI pH 6  0.72 0.05 
BiOI pH 7  0.48 0.03 
BiOI pH 8  0.48 0.02 
In order to investigate the facet-dependent photocatalytic activity, the 
adsorption capacities of p-cresol over the BiOI samples were studied. The 
adsorption of p-cresol increased first and decreased then. Since the adsorption 
capacity is much related to the surface areas, normalizing the adsorption 
capacities by the specific surface areas should give more meaningful data for 
analysis. These values also showed a decreasing trend with increasing pH. The 
atomic structure may give the explanation. As mentioned in 6.1.2, the (001) 
facet has a much higher O density. Surface oxygen should help to absorb 
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p-cresol chemically by forming hydrogen bond (O--O-H). Therefore, BiOI 
with a large percentage of exposed (001) facets will have better adsorption 
capacities. 
Another important factor for the photocatalytic performance is the 
separation and transfer efficiency of the photo-generated charge. The layered 
structure of BiOI can provide a large enough space to polarize the related 
atoms and orbitals. An internal electric field will therefore be generated due to 




 slabs. This internal electric 
field is parallel to the [001] direction, and would separate the photoinduced 
electron-hole pairs effectively and help the electron and hole transfer to the 
surface of the BiOI samples. As shown in the schemes in Fig. 6.11, the 
internal electric field is perpendicular to the dominant exposed-facets in BiOI 
samples with (001) as dominant exposed facets, and the electrons and holes 
generated by photo irradiation also moves perpendicular to the dominant 
exposed-facets as they moves along the internal electric field. Meanwhile, the 
internal electric field is parallel to the exposed dominant facets in BiOI 
samples with (110) as the dominant exposed facets, and the electrons and 
holes also moves parallel to the dominant exposed facets. Since the thickness 
is much smaller than the width and length for both types of BiOI nanosheets, 
the electron and hole charge diffusion distance in BiOI with dominant(001) 
facets is much shorter than that for BiOI with (110) dominant facets. Hence, 
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the charge separation will be more efficient for BiOI samples with (001) 
dominant facets than that for BiOI samples with (110) dominant facets.  
 
Figure 6.11 Schemes showing the direction of the internal electric field in 
BiOI single-crystalline nanosheets with (a) (001) dominant facets and (b) with 
(110) dominant facets 
 The photodegradation process includes photo excitation, generation of 
electron-hole pairs, separation and possible recombination of electron-hole 
pairs, charge carrier transfer to the surface, adsorption of the pollutants on the 
surface of photocatalysts, generation of active species and degradation of 
pollutants. The photocatalytic performance is affected by the band gap, 
position of conduction band and valence band, surface area, adsorption 
capacity and electronic structures and surface structures of the photocatalyst. 
BiOI samples with (001) dominant exposed facets possessed higher 





better adsorption capacity through stronger hydrogen bonding as the oxygen 
density on the (001) facet is bigger and also to the more efficient charge 
separation and charge transfer due to the internal electric field. However, since 
the BiOI samples with (110) exposed facet possessed a much higher specific 
surface area, they showed higher photocatalytic activity in terms of constant 
weight. 
 
6.2.3  Characterization of bismuth oxyiodide heterojunctions 
Since BiOI pH 6 exhibited the highest photocatalytic activity, it was used to 
get bismuth oxyiodide heterojunctions. The thermal stability of BiOI pH 6 was 
investigated using thermogravimetry. The TGA results (Fig 6.12) showed only 
a small weight loss of ~ 1 % when the temperature increased from 100 C to 
about 300 C, indicating that BiOI is stable in this low temperature regime. 
However, from 300 to 510 C, a steep weight loss of ~ 23 % occurred 
followed by a smaller weight loss of ~ 9 % from 510 to 750 C (Fig. 6.12). 
The total weight decrease was 32 %, which agreed with the decomposition of 
BiOI to Bi2O3 as the final compound. Above 300 C, iodine is lost from BiOI, 








O2  4Bi7O9I3 + I2 




O2  5Bi2O3 + I2 
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The continuous weight loss from 300 to ~700 C indicated the ease at 
which the bismuth oxyiodides undergo transformation. Being a strong 
reductant, the iodide is easily oxidized and lost as iodine upon thermal 
treatment in air.   
 
Figure 6.12 TGA and derivative weight loss for BiOI pH 6 
The XRD of the BiOI pH 6 was indexed to the tetragonal BiOI (JCPDS 
10-0445), a s mentioned in 6.3.1. After calcination at 300 ºC for 1 h, the 





 could be treated as characteristic peaks for BiOI and 
Bi4O5I2 (JCPDS 12-1474). BiOI pH 6 300-1 was a mixture of BiOI and 
Bi4O5I2. From the peak areas, the proportion of Bi4O5I2/BiOI was 55:45 (Table 
6.3). This is in good agreement with the TGA result. The measured weight loss 
from 100 to 850 C was 25.8 % which fell between the transformation of BiOI 








































































was 59: 41 according to the weight loss. An increase of the treatment 
temperature to 350 
o
C, resulted in a shift of the diffraction lines to smaller 2. 
Thus, BiOI pH 6 350-1 was assigned to be Bi7O9I3. Again, this formula agrees 
with the weight loss observed in TGA. The measured weight loss from 100 to 
850 C was 17.7 % which agrees closely with the transformation of Bi7O9I3 to 
Bi2O3 (17.9 %). Extending the heating time of BiOI pH 6 at this temperature 
to 3 h resulted in the appearance of another bismuth oxyiodide compound, 
α-Bi5O7I (JCPDS 40-0548) which coexisted with Bi7O9I3. From the peak areas, 
the proportion of Bi7O9I3/α-Bi5O7I was 35:65 (Table 6.4). The proportion of 
α-Bi5O7I increased to 74: 26 with a heating time of 5 h. After treatment at an 
even higher temperature (400 
o
C), only pure α-Bi5O7I phase was observed. 
Hence, by varying the heating time at 350 C, different compositions of 
Bi7O9I3 and α-Bi5O7I, were formed. The in-situ transformation and the close 
similarity in crystal structure of the oxyiodides should lead to the intimate 
interaction between the two different components which is required for the 




Figure 6.13 X-ray diffraction patterns of (a) BiOI pH 6, (b) BiOI pH 6 300-1, 
(c) BiOI pH 6 350-1, (d) BiOI pH 6 350-2, (e) BiOI pH 6 350-3, (f) BiOI pH 6 
350-5, and (g) BiOI pH 6 400-1 
From scanning electron microscopy, the as-prepared BiOI pH 6 sample 
formed nanoplates which were agglomerated into 3D flower-like structures 
(Fig. 6.14a). The diameter of the nanoplates was estimated to be about 300 - 
500 nm. After calcination at 300 C, the nanoplates became smaller, with a 
diameter of 200 – 300 nm (Fig. 6.14b). As a result, the sample BiOI pH 6 
300-1 had a much higher surface area, 30.89 m
2•g-1 (Table 6.4). In comparison, 
the as-precipitated BiOI has a surface area of 15.32 m
2•g-1. Increasing the 
temperature to 350 
o
C, small plates were also observed, but the flower-like 
structure began to break down. The surface area also decreased with the 
increasing calcination time, from 23.53 m
2•g-1 to 17.88 m2•g-1. After 
treatment at 400 
o
C, the surface area (12.82 m
2•g-1) was even lower than in the 
as prepared sample. The rupture of the flower-like structures appears to be 
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linked to the transformation of BiOI to Bi4O5I2, Bi7O9I3 and -Bi5O7I as the 
iodide ions were replaced by oxygen.  
 
 
Figure 6.14 SEM images of (a) BiOI pH 6, (b) BiOI pH 6 300-1, (c) BiOI pH 

























BiOI pH 6 100 0 0 0 15.32 1.90 
BiOI pH 6 300-1 45 55 0 0 30.89 2.04 
BiOI pH 6 350-1 0 0 100 0 23.53 2.56 
BiOI pH 6 350-3 0 0 65 35 20.09 2.58 
BiOI pH 6 350-5 0 0 26 74 17.88 2.58 
BiOI pH 6 400-1 0 0 0 100 12.82 3.16 
 
The HRTEM of BiOI pH 6 350-3 shows four distinctively different lattice 
spacings. The lattice spacing at 0.288 nm corresponds to the (311) lattice plane 
of the -Bi5O7I, while the other three lattice spacings of 0.310 nm, 0.403 nm 
and 0.668 nm were assigned to the (410), (211) and        planes of Bi4O5I2. 
This shows that the Bi4O5I2 and -Bi5O7I were mixed in nanosize, and there 
was an intimate interaction between the two different components. 
 
Figure 6.15 TEM image of BiOI pH 6 350-3 
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 From the UV-visible diffuse reflectance spectrum, the as-precipitated 
BiOI pH 6 absorbed from 200 to 600 nm with the absorption edge at about 
650 nm (Fig. 6.16). The spectra of the other bismuth oxyiodide samples 
formed after calcinations showed a blue shift. The color of the samples 
changed from dark orange, to light orange, to yellow, and finally pale yellow. 
For the BiOI/Bi4O5I2 composite (BiOI pH 6 300-1), Bi7O9I3 (BiOI pH 6 350-1) 
and the Bi7O9I3/α-Bi5O7I composites (BiOI pH 6 350-3 and BiOI pH 6 350-5), 
the absorption edge is at ~ 620 nm, ~ 520 nm and 500 nm respectively, while 
that of pure α-Bi5O7I is about 460 nm. As the bismuth oxyiodides are indirect 
semiconductors, the band gap Eg can be obtained from a plot of αhν
½
 against 
the photon energy. For BiOI, BiOI/Bi4O5I2, Bi7O9I3/α-Bi5O7I, and α-Bi5O7I, Eg 
was found to be 1.90, 2.04, 2.56 – 2.58, and 3.16 eV, respectively (Table 6.3). 
These values agreed with those reported in the literature [30-33]. The 
electronic structure was calculated by Density Functional Theory using 
CASTEP code (Fig 6.17). The valence band in bismuth oxyiodide is composed 
of mainly oxygen 2p and iodine 5p with smaller contributions from bismuth 6s 
and 6p orbitals while the conduction band is made up of bismuth 6p, iodine 5s 
and oxygen 2p orbitals. Hence, loss of iodine in the bismuth oxyhalides will 




Figure 6.16 (a) UV-vis diffuse reflectance spectra and (b) picture of bismuth 
oxyiodides  
 





















































































6.2.4  Photocatalytic properties of bismuth oxyiodide composites 
Compared to the calcined samples, the as-prepared BiOI pH 6 showed low 
photocatalytic activity for degradation of p-cresol. After 4 h, only about ~ 76 % 
degradation was observed, while > 96 % for the others (Fig. 6.18). Rate 
constants were calculated as before (Fig 6.26) and are listed in Table 6.5. 
Calcining the BiOI at 300 C for 1 h resulted in a mixture of BiOI and Bi4O5I2 
which showed higher photoactivity. But this has to be mainly attributed to the 
higher specific surface area, as the normalized rate constant k” actually 
became smaller, 0.199 h
-1•g•m-2. Upon calcination to higher temperatures, 
pure Bi7O9I3 and α-Bi5O7I was obtained, and these pure phases exhibited 
much higher activity, 1.0565 h
-1
 and 0.9221 h
-1
 respectively. Nevertheless, the 
highest activity, k of 1.4455 – 1.7229 h-1• g-1, was shown by the 
Bi7O9I3/α-Bi5O7I composites. These results again support our idea that close 
junctions between composites can result in higher photocatalytic efficiency 




Figure 6.18 Photocatalytic activity of bismuth oxyiodides 
Table 6.5 Reaction rate of bismuth oxyiodide samples 
Sample k (h
-1
)  k’ (h-1•g-1) k” (h-1•g•m-2) 
BiOI pH 6 0.3653 3.653 0.238 
BiOI pH 6 300-1 0.6138 6.138 0.199 
BiOI pH 6 350-1 1.0565 10.565 0.449 
BiOI pH 6 350-3 1.7229 17.229 0.858 
BiOI pH 6 350-5 1.4455 14.455 0.808 
BiOI pH 6 400-1 0.9221 9.221 0.719 
In view of the good activity of the BiOI pH 6 350-3 sample, it was tested 
for the degradation of various other phenolic compounds as well as RhB (Fig. 
6.19). The substituted phenols with electron donating alkyl groups, such as 















BiOI pH 6 300-1
BiOI pH 6 350-1
BiOI pH 6 350-3
BiOI pH 6 350-5
BiOI pH 6 400-1
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4-chlorophenol. After 2 h, the degradation efficiency for the former substrates 
was > 99 % as compared to ~ 39% and ~ 50 % after 2 h for phenol and 
4-chlorophenol, respectively. Using phenol and RhB as the substrates, the 
photocatalytic activity of Bi2O3/BiOCl, Bi2O3/BiOBr and NaBiO3/BiOBr 
composites was also measured (Fig 6.27 and Fig 6.28). BiOI pH6 350-3 has 
the highest activity for phenol degradation. However, the degradation of RhB 
was not as good as with the Bi2O3/BiOCl, Bi2O3/BiOBr and NaBiO3/BiOBr 
composites discussed in the previous chapters. Only 67 % was achieved after 
1 h irradiation as compared to > 99 % after 1 h for the other three composites. 
Thus, BiOI pH6 350-3 is a good choice for the degradation of phenolic 
compounds. 
 























6.2.5  Recycle of catalysts 
After a batch reaction, the filtrate was separated from reaction mixture. 
Concentrated p-cresol (2.4 g/L) was added into the filtrate to make a 24 ppm 
p-cresol solution, which was irradiated with the same lamp for another 2 h. 
There was nearly no change of the p-cresol concentration (Fig 6.29), 
indicating that no reaction took place without the solid photocatalyst. Besides, 
the leaching test showed that a negligible amount of Bi (only 0.1 %) in the 
catalyst leached into the liquid by elemental analysis of Bi
3+
 applied to the 
filtrate. All these results testified that the photocatalytic reaction is a 
heterogenous catalyzed reaction. 
The recyclability of the sample BiOI pH 6 350-3 was tested. After a batch 
reaction for p-cresol, the catalyst was recovered and re-calcined at 300 
o
C for 
2 h to remove the adsorbed organics on the surface. There was nearly no 
decrease of the degradation efficiency even after four runs, suggesting that this 




Figure 6.20 Durability test of p-cresol degradation in the presence of BiOI pH 
6 350-3 
 
6.2.6  Active species studies 
The active species in the photodegradation of p-cresol can be •OH, •O2
-
 and/or 
holes. In order to gain some insight into the mechanism, radical scavengers 
and N2 and O2 purging were used.  
The presence of •OH radical can be detected by its reaction with 
terephthalic acid to produce the 2-hydroxyterephthalic acid which fluoresces 
at 425 nm [34]. Differing from what we observed in chapter 3 (Fig 3.25), there 
was no obvious increase in the peak intensity at 425 nm even after 2 h, 
indicating that no •OH radicals were formed for this bismuth oxyiodide 
composite. This result was further confirmed by addition of the •OH scavenger, 
t-butanol, into the reaction system [35]. No obvious decrease was observed in 


















Figure 6.21 Fluorescence spectrum of terephthalic acid solution after different 
illumiation times in the presence of BiOI pH 6 350-3  
To investigate the role of holes, an effective hole scavenger, K2C2O4 [36], 
was added to the photoreaction system. The rate constant dropped to 0.1188 
h
-1
, which is only 7 % of that without any scavengers. This result indicates that 
holes play a main role in the degradation of p-cresol.  
 
Figure 6.22 Effect of the scavengers on the p-cresol degradation rate in the 









































To investigate the role of the superoxide •O2
-
 radical, the solution was 
purged with N2 to remove any dissolved oxygen. As seen from Fig. 6.23, the 
degradation efficiency of p-cresol was reduced, showing that dissolved oxygen 
is essential for p-cresol degradation. To further confirm this result, O2 was 
bubbled through the solution to get more O2 in the reaction system. The 
reaction rate was greatly increased by O2 purging. This indicates that O2 was 
an important factor. However, the dissolved oxygen can react with 
photoinduced electrons to form the superoxide radical, but we cannot 
distinguish whether O2 acts only as an electron acceptor to reduce the 
electron-hole recombination, or whether the resulting superoxide radicals are 
also involved in the degradation pathway. KBrO3, as a strong oxidant, are 








 → BrO2• + H2O. 
BrO3
-






, HOBr] → Br- + 3H2O. 
This reaction reduces the electron-hole recombination, thus increasing the 
quantum efficiency without producing superoxide radicals. Therefore, an 
excess amount (5 equivalents to p-cresol) of KBrO3 was added into the 
reaction system with/without N2 purging to study the effect of superoxide 
radicals. The reaction was ~ 7 times more active after adding KBrO3 due to the 
reduction of electron-hole recombination. There was no decrease of the 
reaction rate under N2 purging, indicating that superoxide radicals contribute 
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little to the degradation process. The limiting step in this system is the 
electron-hole recombination. The lifetime of the photogenerated holes was 
extended by addition of KBrO3, thus resulting in enhanced activity. This result 
further confirmed that the direct hole oxidation is the main degradation 
process. 
 
Figure 6.23 Photocatalytic degradation of p-cresol under different 
atmospheres in the presence of BiOI pH 6 350-3 
 
6.2.7  Mechanism 
Usually, the relative position of valence band and conduction band is of great 
importance to the photocatalytic efficiency of a heterojunctioned composite. 
Therefore, the band gap position of those bismuth oxyiodides were calculated 
(Appendix 6.5.1). In this Bi7O9I3/α-Bi5O7I system, the CB of Bi7O9I3 is more 
negative than that of α-Bi5O7I, thus the photo-generated electrons can easily 



















are effectively separated at the intimate contact interface of the two 
semiconductors, resulting in more efficient photocatalytic activities. Organic 
pollutants were mainly oxidized directly by the photogenerated holes.  
 
Figure 6.24 Mechanism diagram of Bi7O9I3/α-Bi5O7I 
 
6.3  Conclusion 
In this chapter, BiOI single-crystalline nanosheets with (001) and (110) 
dominant exposed-facets were synthesized by a facile hydrothermal method. 
The BiOI samples with (001) dominant exposed facet exhibited a higher 
photocatalytic activity for the degradation of p-cresol if eliminate the effect of 
specific surface area under visible light irradiation. The higher photocatalytic 
activity resulted from the cooperate effects of its higher adsorption capacity 
and higher charge separation and transfer efficiency due to internal electric 
field. These findings give us a chance to get deep inside into the 
facet-dependent photocatalytic activity. However, BiOI with (110) dominant 
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exposed facets had a relatively high specific surface area, resulting a high 
overall photocatalytic activity. By calcination of this BiOI with predominantly 
exposed (110) facets, a series of bismuth oxyiodide heterojunctioned 
composites were obtained, which exhibited enhanced photocatalytic activity 
for the decomposition of p-cresol. A Bi7O9I3/α-Bi5O7I composite had the 
highest photocatalytic activity with a rate constant of 1.7229 h
-1
 and full 
degradation after only 2 h. The excellent activity under visible light was 
attributed to the efficient separation of photogenerated charge carriers through 
the intimately contacted interfaces between Bi7O9I3 and α-Bi5O7I. This catalyst 
was recyclable, without any decrease of the activity even after four runs. A 
mechanistic study showed that holes were the dominant species for the 
degradation of p-cresol.  
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6.5  Appendix 
Theoretical calculation of the angles between different planes 
The theoretical value for the angles (φ) between different (hkl) planes of 
tetragonal BiOI is determined by the following formula: 
     
 
  
            
 
  




   
    




   
 
  
   
    






The angle between (110) and (200) is 45.0 
o
, while the angle between (-113) 
and (-110) is 42.8 
o
 using a = 0.3994 and c = 0.9149. 
 
Table 6.6 CB and VB calculation of bismuth oxyiodides 
 
 



















Compound X (eV) Eg (eV) EVB (eV) ECB (eV) 
BiOI 5.94 1.90 2.39 0.49 
Bi4O5I2 5.39 2.04 1.91 -0.13 
Bi7O9I3 5.46 2.56 2.24 -0.32 





Figure 6.26 Kinetic plots of bismuth oxyiodides 
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Chapter 7. Final Conclusion 
 
In this thesis, we have developed several bismuth based 
visible-light-driven photocatalysts for the degradation of Rhodamine B and 
phenolic compounds in waste water. These photocatalysts are able to absorb 
visible light, nontoxic, and stable under visible light irradiation. In all cases, 
the catalysts can be easily separated from the waste water and can be recycled 
with little loss of activity. 
 In the study of the Bi2O3/BiOCl composites, the intimately contacted 
interfaces between Bi2O3 and BiOCl, as well as the relatively high surface area, 
enhanced the separation efficiency of photogenerated charge carriers, resulting 
high activity, with full degradation of RhB within 40 min. Interestingly, 
mechanistic study showed that the superoxide radicals, hydroxyl radicals and 
holes were possible active species, with holes being the dominant species for 
the degradation of RhB. 
Bi2O3/BiOBr and NaBiO3/BiOBr composites were developed by a simple 
acid corrosion method of Bi2O3 or NaBiO3. Due to the efficient separation of 
the photogenerated charge carriers through the heterojunction barrier formed 
by the interfaces between the Bi2O3 or NaBiO3 and BiOBr domains, enhanced 
activities were obtained in the heterojunctioned composites, especially in those 
with BiOBr as dominant component. At a composition of 15% Bi2O3/BiOBr, 
the composite had the highest photocatalytic activity of RhB with full 
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degradation after only 40 min. As NaBiO3 possesses much higher 
photocatalytic activity than Bi2O3 due to its strong dispersion of the CB as 
well as a smaller band gap, the NaBiO3/BiOBr composites showed 7 times 
higher activities than those Bi2O3/BiOBr composites. Attractively, both of 
these two composites exhibited better activity than P25 over the degradation 
of RhB under sunlight irradiation, which gives them a promising practical 
application prospect in future.  
 Finally, BiOI single-crystalline nanosheets with (001) and (110) dominant 
exposed-facets were synthesized by a facile hydrothermal method, and a 
Bi7O9I3/α-Bi5O7I composite were obtained by calcination of this BiOI with 
predominantly exposed (110) facets. BiOI samples with (001) dominant 
exposed facet exhibited a higher specific reaction rate for the degradation of 
p-cresol, resulting from the cooperate effects of its higher adsorption capacity 
and higher charge separation and transfer efficiency due to internal electric 
field, while BiOI with (110) dominant exposed facets had a higher overall 
reaction rate, mainly due to the relatively high specific surface area. Attributed 
to the efficient separation of photogenerated charge carriers through the 
intimately contacted interfaces between Bi7O9I3 and α-Bi5O7I, the 
Bi7O9I3/α-Bi5O7I composite had the highest photocatalytic activity with full 
degradation after only 2 h.  
Among these four categories of photocatalysts developed in this thesis, 
Bi2O3/BiOCl, Bi2O3/BiOBr, NaBiO3/BiOBr heterojunctioned composites 
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possess excellent visible-light-driven activities towards the degradation of the 
organic dye, Rhodamine B. Meanwhile, although the heterojunctioned 
composites Bi7O9I3/α-Bi5O7I exhibits not as good an activity towards RhB, 
they are extraordinarily good for the degradation of phenolic compounds.  
